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lll. Zusammenfassung

Dieses Pilotprojekt hatte zum Ziel, an ausgewdhlten Kriechhdngen der Schweiz die Methoden fiir die
Langzeitstabilitdt zu identifizieren, die dafir ndtigen Daten zu sammeln sowie den Einfluss auf die
Infrastruktur Strasse zu untersuchen. Nachfolgend sind die im Rahmen dieses Projektes erzielten Resultate
aufgelistet.

e Eine neuartige Methode zur Rlckrechnung der Langzeitstabilitdt von natlrlich oder kinstlich am
Fuss gestitzten Rutschungen wurde entwickelt und erfolgreich an den Kriechhangen von St. Moritz
und Combe Chopin angewandt.

e Im Sommer 2006 wurde in St. Moritz eine gross angelegte geodétische Messkampagne
durchgefuhrt zur Identifizierung der wirklichen L&dnge und des Verschiebungsfeldes des Brattas
Kriechhanges, um diese Daten in der anschliessenden Riickrechnung der Stabilitdt zu verwenden.

e Zum ersten Mal wurden der Cambridge Insitu und der Marchetti Flat Dilatometer in solch
schwierigen Bodenverhaltnissen erfolgreich benutzt, um die Bodensteifigkeit in der sich bewegenden
Schicht der Brattas Rutschung in St. Moritz zu bestimmen.

e Ein neuartiges Ringschergerét mit bedeutend reduzierter Reibung und fortschrittlicher Kraftmessung
wurde entwickelt und zur Bestimmung der Restscherfestigkeit in der Scherflache des Kriechhanges
in Braunwald eingesetzt.

e Ein neuartiges Gerat mit dem Namen Inclinodeformometer (IDM) wurde entwickelt und im Labor
kalibriert. Der Inclinodeformometer dient der Rickrechnung der Erddruck&nderungen in der sich
bewegenden Schicht durch Messung der Anderungen des Durchmessers und der Form eines
Inklinometerrohres. Die ersten Anwendungen im Feld sind an den Kriechh&ngen Brattas und Berisal-
Ganter vorgesehen.

e In der Rutschung von St. Moritz wurde durch die Verwendung von Dehnungsmessungen in
Glasfaserkabeln (distributed fiber optic strain measurements, BOTDA) eine neuartige Technik zur
Bestimmung der Grenzen der Rutschung angewendet. Zum ersten Mal wurden erfolgreich
Glasfaserkabel in den Strassenasphalt integriert. Dies ermdglichte, die Strasse als eine Art riesigen
Dehnmessstreifen zur Messung der Deformationen zu benutzen und gleichzeitig Informationen zur
Gebrauchstauglichkeit der Strasse zu erhalten.

e Dieselbe Technik (BOTDA) wurde bei einem bereits abgescherten Inklinometerrohr in St. Moritz
angewendet, um die Verschiebungen auf der Scherfliche zu messen. Hierfir wurden
Glasfaserkabel in ein altes Inklinometerrohr eingelegt und das Rohr anschliessend ausinjiziert.

e Abschliessend wurden erste Empfehlungen formuliert betreffend Analyse, Uberwachung und
Stabilisierung von Kriechhangen, die am Fuss gestitzt werden.

Es zeigte sich im Verlauf, dass der Fokus dieses Pilotprojektes auf die Entwicklung von neuartigen Geréaten
und Methoden zur Analyse und Uberwachung sowie auf Techniken zu Labor- und Feldversuchen gerichtet
werden musste, um die fehlenden Informationen zur Rickrechnung der Langzeitstabilitdt und
Verschiebungen von Kriechhdngen zu sammeln. Diese Entwicklungen wurden in zahlreichen
wissenschaftlichen Publikationen prasentiert und von der internationalen geotechnischen Gemeinschaft gut
aufgenommen.

Als Folgearbeit zu diesem Pilotprojekt schlagen wir ein vollstandiges Projekt vor, bei dem die neuen Geréate
zur Datensammlung angewendet und diese Informationen zur Berechnung der Langzeitstabilitdt und
Verschiebungen sowie zur Untersuchung von méglichen Stabilisierungsmassnahmen in den betrachteten
Kriechhange verwendet werden.
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IV. Résumeé

Le but poursuivi par ce projet pilote est d'établir une méthode de calcul de la stabilité a long terme des
versants en reptation. Les données nécessaires ont été récoltées sur un choix de versants en mouvement
situés sur le territoire suisse. L'influence de ces phénomeénes sur linfrastructure des routes a aussi été
analysée. Les résultats obtenus dans le cadre de cette étude sont listés ci-dessous:

¢ Une nouvelle méthode de calcul a rebours de la stabilité a long terme des versants en reptation
butés en pied de versant,de fagon artificielle ou naturelle, a été développée. Cette méthode a été
appliquée avec succes aux versants en reptation de St Moritz et de Combe Chopin.

e En été 2006, une campagne géodésique a grande échelle a été effectuée a St Moritz. Le but de
celle-ci était d'identifier la longueur réelle du terrain en mouvement du versant en reptation de
Brattas. Ces données ont servi aux calculs rétroactifs de la stabilité.

e Pour la premiere fois, le dilatométre "in situ" de Cambridge et le flat-dilatometre Marchetti ont été
utilisés avec succés dans ces sols au comportement complexe. Les mesures ont permis de
déterminer la rigidité du terrain dans la couche en mouvement du versant en reptation de Brattas a
St Moritz.

e Un nouveau dispositif de cisaillement annulaire, présentant un frottement fortement réduit et sur
lequel ont été intégrés des capteurs de forces de derniere génération, a été développé. Cet appareil
a été utilisé pour mesurer la résistance au cisaillement résiduelle dans les plans de cisaillement du
versant en reptation du Braunwald.

e Un nouvel appareil portant le nom d'inclino-déformomeétre (IDM) a été développé puis calibré en
laboratoire. Cet inclino-déformomeétre sert au calcul rétroactif des modifications de contraintes dans
la couche de sol en mouvement. Les modifications de pression sont estimées par les mesures de
variations du diametre et de la forme du tube de l'inclinomeétre. Les premieres applications dans des
versants instables sont prévues dans ceux du Brattas et du Bérisal prés du pont du Ganter.

e |utilisation innovatrice de capteurs de dilatation par fibres optiques (distributed fiber optic strain
measurements, BOTDA) a permis de déterminer I'extension du glissement de St Moritz. Pour la
premiére fois, des dilatométres a fibres optiques ont été intégrés dans le revétement routier en
asphalte. Ceci a permis d'utiliser la route, d'une part pour mesurer a grande échelle les déformations
et d'autre part pour récolter des informations sur I'aptitude au service de celle-ci.

e La méme technique (BOTDA) a été mise en place, & St Moritz, dans un tube d'inclinométre déja
cisaillé afin de mesurer les déplacements sur le plan de cisaillement. Pour ce faire, des fibres
optiques ont été mises en place dans un ancien tube d'inclinometre. Apres la mise en place des
fibres optiques, le tube a été injecté.

e Finalement, les premiéres recommandations ont été formulées pour I'analyse, le contrble et la
stabilisation des versants en reptation appuyés en pied de versant.

Au cours des études, une réorientation de la focalisation de ce projet pilote sur le développement de
nouveaux appareils et méthodes pour analyser et surveiller ainsi que sur des techniques d'essai in situ et en
laboratoire a été nécessaire. Cette réorientation a permis de récolter les informations manquantes, mais
nécessaires au calcul a rebours de la stabilité a long terme des versants en reptation.

Ces développements ont été présentés dans un grand nombre de publications scientifiques. lls ont été trés
bien accueillis par la communauté géotechnique internationale.

En corollaire & ce projet pilote, nous pensons que le développement devrait se poursuivre par un projet
complet ou, d'une part les nouveaux appareils ainsi que les informations pour le calcul de la stabilité a long
terme et des déplacements seraient utilisés, et ou, d'autre part, I'analyse prenne en compte les moyens mis
en place pour la stabilisation des versants en reptation.
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V. Abstract

This pilot project had an objective to identify the methods and to collect the necessary data for investigation
of the long term stability of a number of Swiss creeping landslides and their effects on road infrastructure.
The main achievements of the project are listed below.

A novel inverse analysis approach to the long term stability of artificially or naturally constrained
landslides has been developed and successfully applied to the St Moritz and Combe Chopin
landslides.

An extensive geodetical measurements program allowed for identifying the true length and velocity
field for the St Moritz landslide to be used in the inverse analysis of its stability.

For the first time, both the Cambridge and Marcchetti Dilatometers have been successfully applied in
such difficult soil conditions to determine the stiffness of the sliding layer in the St Moritz landslide.

A novel ring shear apparatus, with significantly reduced friction and advanced measurement of
forces has been developed and applied to determine the residual shear strength on the sliding
surface in the Braunwald landslide.

A novel inclinodeformometer (IDM) device for backcalculating the earth pressure changes in the
sliding layer (by measuring the change in size and shape of an inclinometer pipe cross-section) has
been developed and calibrated. lts first applications are for the St Moritz and Ganter landslides.

A novel technique for determining the landslide boundaries using distributed fiber optic strain
measurements (BOTDA) have been applied in the St Moritz landslide. For the first time the fiber
optic cable was successfully integrated into an asphalt road, which allows for the road to be used as
a gigantic strain gauge for monitoring the landslide deformation, at the same time providing
information on the health of the road pavement.

The same BOTDA technique used by grouting a fiber optic sensor cable into an old inclinometer pipe
in the St Moritz landslide allows for the displacements on the sliding surface to be monitored long
after the pipe was sheared.

Preliminary recommendations for analysis, monitoring and stabilization of the constrained creeping
landslides have been formulated.

As is seen, the main focus of this pilot project had to be shifted towards development of the novel tools for
analysis, monitoring and laboratory and field testing techniques, in order to be able to collect the missing
information for the inverse analysis of the long term stability and displacements of the creeping landslides.
These developments have been presented in numerous scientific publications and have been well received
by the international geotechnical community.

The suggested follow up of this pilot research should be a full scale project, where the new tools are used to
collect the data, perform the stability and displacement analysis, and propose the mitigation measures.
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VI. Fruhere Arbeiten zu Kriechhangen in der Schweiz

Schon 1945 hat sich Prof. Haefeli (1945) an der ETH Zlrich mit der Erd- und Kriechdrucktheorie und deren
direkten Anwendung beschéftigt. Damit legte Prof. Haefeli den Grundstein zur Berechnung und Modellierung
von Kriechhangph&nomenen, worauf dieser Arbeit eine ganze Reihe von verschiedenen Untersuchungen
und Forschungen in diesem Gebiet folgten (z. B. Lang und Schaerer 1970, Schliichter 1988, Wullimann
1990 und Lang 1994). Diese einzelnen Untersuchungen gingen meist mit einer direkten Anwendung der
Untersuchungsresultate einher und werden bis zum jetzigen Zeitpunkt weitergefiihrt (Puzrin und Sterba
2006).

Parallel dazu wurde im Jahre 1980 an der ETH Lausanne das Projekte DUTI (Detection and Use of
Landslide-prone Areas) gestartet und dabei technische Berichte zu verschiedenen Hangrutschungen in der
Schweiz verfasst. Es sind dies die Hangrutschungen von La Chenaula (Noverraz, F. 1986a), Cergnat La
Frasse (Noverraz, F. 1986b) und Arveyes (Gabus, 1986a und 1986b). Aus diesen einzelnen
Untersuchungen gingen eine Vielzahl von weiteren Berichten zur Modellierung solcher Hangbewegungen
hervor. Dabei stellten Vulliet und Hutter (1988a und 1988b) ein Modell zur Berechnung von sich langsam
bewegenden Rutschungen vor, das auf den Grundlagen der Kontinuumsmechanik basiert. Dieses wurde
anschliessend auf die bereits untersuchten Kriechhdnge und Rutschungen, so wie auch spater auf neue
Gebiete angewendet (z. B. Vulliet und Bonnard, 1996, Frangois et al., 2007).

Das vorliegende Forschungsprojekt baut auf den vorangegangenen Forschungen an der ETHZ und EPFL
auf und méchte die bisher durchgeflihrten Arbeiten mit neuen Untersuchungsmethoden erweitern.
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VII. Abgegebene Forschungsarbeit

1 Abgegebenes Forschungsgesuch

1.1 Einfahrung

Viele Strassen und Geleise in der Schweiz liegen im Einflussgebiet von aktiven oder ehemaligen
Rutschungen. Dies fiihrt teilweise zu Unsicherheiten in der Planung, Konstruktion und Unterhalt. Aus diesem
Grund soll im vorliegenden Forschungsbericht ein Vorgehen zur Riickrechnung der Hangstabilitdt aus im
Feld gemessenen Verschiebungen und der Interaktion zwischen der Rutschung und der darauf erstellten
Bauten vorgestellt werden. Dies soll in Zukunft zu einer Optimierung im Bezug der zu sammelnden Daten
und Kosten der Bauwerksiiberwachung und der Uberwachung der Rutschung selber fiihren.

Um den Einfluss verschiedener Randbedingungen genauer zu untersuchen, wurden vier unterschiedliche
Rutschungen, die sich stetig mit einer geringen Geschwindigkeit bewegen, untersucht. Es sind dies:
Braunwald (GL), Brattas in St. Moritz (GR), Ganter-Berisal (VS) und Combe Chopin (BE).

Das nun durchgeflihrte Forschungsprojekt sollte einerseits die noch vorhandenen Licken zur Rickrechnung
der einzelnen untersuchten Gebiete aufzeigen und andererseits bereits Versuchen diese Liicken durch neue
Messkampagnen oder Messmethoden zu schliessen. Dabei stellte sich heraus, dass teilweise eine
Neuentwicklung von Messgeraten und des Weiteren eine Anpassung von neuen Messverfahren angebracht
war. Da das Forschungsprojekt als Pilotprojekt zu verstehen ist, wurde ein Augenmerk auf diese ,Licken”
gerichtet, bevor mit der eigentlichen Berechnung der Stabilitdt und der Verschiebungen mit Hilfe von
analytischen und numerischen Modellen begonnen werden kann.

1.2 Zielsetzungen

Das Hauptziel bestand darin ein Vorgehen zur Analyse von lang- und kurzfristiger Stabilitdt von
Rutschungen und deren Einflussfaktoren zu entwickeln. Um dieses Ziel zu erreichen wurde das Problem in
weitere Fragestellungen untereilt und mit Zwischenzielen versehen. Im folgenden Abschnitt wird auf diese
Zwischenziele kurz eingegangen und Bilanz gezogen.

1.3 Erreichte Ziele und Schwierigkeiten

Auswahl von geeigneten Gebieten um eine vereinfachte Analyse der langfristigen Stabilitét
durchzufiihren und Anlegung einer Datenbank um die nétigen Uberwachungsmassnahmen
herauszufiltern:

Es wurden vier sich langsam bewegende Héange aufgrund ihrer unterschiedlichen Randbedingungen
ausgesucht:

e Brattas (Vergleiche Kapitel 2)

e Combe Chopin (Vergleiche Kapitel 5.1)

e Ganter (Vergleiche Kapitel 5.2)

e Braunwald (Vergleiche Kapitel 5.3)

Das Anlegen einer Datenbank Uber die bis anhin gemachten Beobachtungen hat sich leider teilweise als
schwierig herausgestellt. Dies einerseits wegen fehlender oder verschollener Messdaten, andererseits
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wegen nicht optimaler oder fehlender Gerate zur Messung. Auf die Neu- und Weiterentwicklungen wird in
den folgenden Kapiteln eingegangen.

Entwicklung einer Analyse im Bezug auf Riickrechnungen von Beobachtungen, um das Verhalten
des Hanges auf dussere Einfllisse zu quantifizieren.

Entwicklung von theoretischen und analytischen Modellen (Vergleiche Kapitel 2 und 5.1)
Entwicklung von numerischen Modellen (noch nicht durchgefihrt)

Anwendung der theoretischen, analytischen und numerischen Modelle auf die gesammelten Daten.

Die Entwicklung von Modellen konnte nur im beschrédnkten Rahmen durchgefihrt werden, da es sinnvoller
erschien zuerst ein Augenmerk auf die Datenerfassung und die Gerate zur Datenerfassung zu richten. Im
Fall wo bereits eine gréssere Datensammlung vorhanden war, wurde ein analytisches Modell erstellt
(Vergleiche Kapitel 2 Brattas und Kapitel 5.1 Combe Chopin). Die numerischen Modelle gelangten noch in
keinem Gebiet zur Anwendung, da diese den analytischen Modellen gegeniiber gestellt werden sollen.

Ausarbeitung von Empfehlungen zur Uberwachung von Rutschhidngen im Bezug zur Bau- und
Betriebsphase von Strassen und Bahntrasses.

Optimierung der Anzahl von Messungen und der Anzahl unterschiedlichen Messsystemen.

Empfehlungen zu den Methoden der Beobachtungen

Empfehlungen zu den nétigen Beobachtungsmethoden wahrend dem Bau und wéhrend dem Betrieb von
Strassen und Bahntrasses, so wie deren Hilfsbauwerken.

Die restlichen Schritte sollten im Rahmen eines Folgeprojektes weitergefiihrt und ergénzt werden.
1.4 Weiteres Vorgehen

Die Anwendung der neu entwickelten Gerate soll zusatzliche Informationen Uber die beobachteten Hange
liefern. Weiter sollen die restlichen analytischen und die numerischen Modelle erstellt werden. Zur gleichen
Zeit sind die Uberlegungen zur Stabilisierung der Rutschungen und der Einfluss solcher Massnahmen mit
Hilfe der entwickelten Modelle zu verifizieren und die Auswirkungen von Extremereignissen (Starkregen,
Erdbeben, usw.) auf die untersuchten Gebiete zu quantifizieren.

1.5 Einfihrung zum weiteren Teil des Berichtes
Der eigentliche Bericht wurde gemass den vier ausgewahlten Hangen gegliedert. Des Weiteren wird im
Bericht, im Gegensatz zur geologischen Definition, jeder sich langsam bewegende Hang als Kriechhang

bezeichnet, dessen Verschiebungen sich mit Hilfe der Kriechtheorie analytisch beschreiben lasst.

Der folgende schematische Schnitt durch einen Kriechhang, wie er in unserem Fall vorkommt, dient dazu,
die Bedingungen fir die Rander zu verstehen.
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kriechendes Gebiet

Anrissgebiet

Kompressionszone

Bild 1: Schematischer Schnitt durch einen Kriechhang

Ein Kriechhang mit seinem Verschiebungsfeld 0 und der Hangneigung @ besteht aus drei verschiedenen
Gebieten (Bild 1). Von unten beginnend mit einer Kompressionszone, die einerseits steif (Brattas Rutschung
in St. Moritz), nachgiebig (Ganter im Wallis und Combe Chopin im Kanton Bern) oder gar nicht vorhanden
sein kann (Braunwald Glarus). An diese Kompressionszone schliesst das eigentliche kriechende Gebiet an,
das in seinem oberen Rand durch das Anrissgebiet begrenzt wird. Im Bericht wird ersichtlich, dass der
,Kompressionszone* eine tragende Rolle zugeteilt wird, da diese das Verhalten des gesamten Kriechhanges
im ,Kriechzustand“ oder sogar im ,Versagenszustand“ massgebend beeinflusst.
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2 Brattas Kriechhang

Erdrutsche, so wie Kriechhange gehéren zu den geotechnischen Hauptgefédhrdungen und beeinflussen das
Leben und die Wirtschaft. Etwa 6 Prozent der Flache der Schweiz befindet sich in Gebieten mit potentiellen
Rutschhangen. Meist findet man die Rutsch- und Kriechhange in l&andlichen Gebieten. Hier verursachen sie
grosse Schaden an der bestehenden Infrastruktur wie Strassen, Gleisen, etc.. Jedoch von noch grésserer
Bedeutung fiir die Bevdlkerung sind aktive Rutschungen oder Kriechhdnge in Uberbauten Gebieten. In
diesem Zusammenhang nimmt die aktive Rutschung von St. Moritz (Bild 2a) mit ihrer berlihmten
Sehenswirdigkeit, dem ,Schiefen Turm* (Bild 2b) aus folgenden Grinden eine Sonderstellung ein. Die
aktive Rutschung kommt erst im Uberbauten Gebiet von St. Moritz Dorf zum Stillstand. Trotzdem ist die
Bautatigkeit im sich bewegenden Gebiet enorm. Um die Bautéatigkeit in diesem Gebiet zu regeln, wurden von
der Gemeinde St. Moritz spezielle Bauvorschriften erlassen. Zusatzlich wird der Hang mit einem
umfangreichen Messprogramm Uberwacht.

B ; DAt
‘ \Ha‘ngnelgung 20° .
S

- t;;‘\‘:* Y &

Lange 1500;n

o

a)

Bild 2: a) Rutschung von St. Moritz (weiss gestrichelte Umrandung), b) Schiefer Turm von St. Moritz (Turm
im Vordergrund).

Das Institut fir Geotechnik (IGT) der ETH Zirich ist seit Gber 30 Jahren bei allen geotechnischen Aspekten
der Hangrutschung miteinbezogen worden und berat die Gemeinde. Um das Gefahrenpotential des Hanges
abzuschéatzen, wurde in den letzten drei Jahren ein neues Forschungsprogramm mit folgenden Zielen
gestartet:

e ein besseres Verstandnis der Mechanismen von aktiven Rutschungen zu erlangen,

e Rutschungen in ihrer Ausdehnung klarer zu definieren,

e Vorhersagen Uber die langfristige Stabilitdt und Verschiebungen zu erméglichen,

e neue Methoden zur Untersuchung und Uberwachung zu testen.
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2.1 Rickrechnung der Stabilitat
2.1.1 Geologie und Verschiebungen

Der unstabile nérdliche Hang oberhalb des Dorfes von St. Moritz (Bild 2a) kann in zwei Zonen gegliedert
werden (Bild 3a, nach Muller und Messina, 1992). Die obere Zone besteht aus dem Bergsturz von Gianda
Laret, welcher von seinem Anrissgebiet auf 2400 m 0. M. bis zu einem lokal anstehenden Fels in 2100 m Q.
M. reicht. Die untere Zone wird als Brattas Rutschung bezeichnet. Diese besteht aus méchtigen
Lockergesteinsschichten, innerhalb derer Bewegungen stattfinden. An ihrem Fuss wird sie von einem
Felsriegel unterhalb der Via Maistra gestoppt (Bild 3b, nach Schllichter, 1988). Diese untere Zone erstreckt
sich von 2100 m . M. bis 1800 m 0. M. und weist eine Horizontaldistanz von 800 m auf. Die Rutschung wird
von beiden Seiten durch parallele Scherzonen begrenzt und ist 600-900 m breit. Die mittlere Neigung des
Hanges betréagt 20°. Bei Bohrungen in diesem Gebiet konnte die Basisgleitflache in einer Tiefe von rund 20-
50 m lokalisiert werden. Das Rutschmaterial besteht aus unterschiedlichen Lockergesteinsschichten, die
extrem heterogen sowohl in ihrem Aufbau, als auch in ihren bodenmechanischen Eigenschaften sind.

Die verschiedenen tektonischen Schichten werden als Hauptursache der Rutschung betrachtet. Die
mesozoischen Sedimente der Bernina Decke werden (iber das kristalline Gestein der Err-Decke geschoben.
Des Weiteren tragen auch die hydrologischen Verhaltnisse zur Instabilitdt des Hanges bei. Unterschiedlich
tief liegende Wassertrager mit unabhangigen Wasserstanden wurden beobachtet. Der Scherwiderstand des
Bodens wird durch die Porenwasserdriicke, die wahrend des Jahres schwanken, beeinflusst.

Im Bereich, wo sich die Rutschung der Via Maistra nahert, wird die Strasse jedes Jahr ca. 0.5 cm schméler.
Von der Via Maistra nimmt die jahrliche Verschiebungsrate hangaufwérts zu (Bild 3b). Die Verschiebungen
wurden jedoch nur im Uberbauten Gebiet gemessen. Aus den bis jetzt vorhandenen Messungen lasst sich
nicht schliessen, ob sich die Brattas Rutschung und der Gianda Laret Bergsturz gegenseitig beeinflussen.

SASS DA MUOTTAS
(SASS RUNZOL)

horizontale Verschiebungen

in cm/Jahr
|37 (1988-1998)
|

SUR CHAUNT BLAIS

.....

- - =

VIA MAISTRA

500 m
=i# Bachschuttkegel Altkristallin: Orthogneise

Bergsturz das Wasserzirkulation

Mesozoische Sedimente:
— Dolomit, Kalke, Gips

W Der Schiefe Turm
O Chesa Corviglia
Hotel Kulm

o~ Quelle

Bild 3: a) geologisches Profil nach Miller und Messina, 1992, b) jéhrliche Verschiebungen im unteren
liberbauten Gebiet der Rutschung nach Schliichter, 1988

2.1.2 Naherungsmethode zur Analyse der Langzeitstabilitat

Fir die Betrachtung der Verschiebungen und der Langzeitstabilitdt wurde ein einfaches Modell fiir einen am
Hangfuss begrenzten Rutschhang verwendet (Bild 4a, nach Puzrin und Sterba 2006). Das ungewdhnliche
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an dieser Rutschung ist die Tatsache, dass diese am Fuss durch einen Felsriegel gestoppt wird und dadurch
die Verschiebungsgeschwindigkeiten mit der Zeit abnehmen. Dies kénnte zum voreiligen Schluss verfihren,
dass der Hang sich nach unbekannter Zeit stabilisieren wird. Tatsachlich jedoch verringert sich der
Scherwiderstand an der Gleitflache durch die Verlangsamung der Rutschung, was zu einer Zunahme des
Erddrucks am Hangfuss und schlussendlich zum Versagen fiihren kénnte.

In diesem einfachen Modell wird der Kriechhang als ein ,Dehnmessstreifen” betrachtet. Der Sicherheitsfaktor
wird als Verhéltnis des passiven Erddrucks und des maximal auftretenden Erddrucks am Hangfuss
berechnet. In den Formeln im Bild 4b (nach Puzrin und Sterba, 2006) stehen p’, und p), fiir den aktiven und
passiven Erddruck, die sich mit den zugehdérigen Bodenparametern nach Chu (1991) berechnen lassen; der
Faktor b/a kann durch eine Anpassung einer analytischen Kurve an die geodatisch gemessenen
Verschiebungen entlang der Rutschung berechnet werden (nach Puzrin und Sterba, 2006). Falls die
Sicherheit gegen Versagen am Hangfuss grbésser als eins ist, lassen sich die Endverschiebungen
bestimmen. Der hierflir nétige Parameter c lasst sich durch die Anpassungen einer Kurve als Funktion der
Zeit an die gemessenen Verschiebungen bestimmen. Liegt hingegen der Sicherheitsfaktor unter eins, so
lasst sich der Versagenszeitpunkt abschétzen. Daflr waren jedoch zusétzlich Erddruckmessungen am
Hangfuss nétig.

Damit dieses Modell fiir die Brattas Rutschung verwendet werden kann, sind weitere Messungen im oberen
und mittleren Bereich des Brattas Hanges nétig. Insbesondere soll damit auch abgeklart werden, in wie weit
der Gianda Laret Bergsturz die Brattas Rutschung beeinflusst. Diese zusatzlichen Daten kdénnen auch
helfen, die Lage der oberen Begrenzung der Rutschung, so wie die dort vorherrschenden Bedingungen zu
definieren. Zu diesem Zweck wurde in den Jahren 2006 bis 2008 ein umfangreiches
Untersuchungsprogramm erarbeitet und teilweise schon ausgefihrt.

a)

b) Sicherheitsfaktor
Pp _1-2bla
p'(0.0)  po/p),

F. =

N

Endverschiebung (falls Fs>1)

_ 5M (x)
o ety —1)

Versagenszeitpunkt (falls Fs<1)

1 Ap//p/
= —l P
SR () Yty

Bild 4: a) Model des Hanges, b) aus dem Model gewonnene Gleichungen nach Puzrin und Sterba (2006)
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2.2 Geodatische Feldmessungen

Wahrend des Untersuchungsprogrammes im Sommer 2006 wurde ein neues Raster von Messpunkten im
Gianda Laret Bergsturz und der Brattas Rutschung angelegt. Im Ubergangsbereich der beiden Gebiete
wurde das Netz verdichtet (Bild 5a). Die Folgemessungen haben in den Jahren 2007 und 2008
stattgefunden, womit eine Bestimmung der verschiedenen Verschiebungsgeschwindigkeiten Uber den
gesamten Hang mdglich war (Bild 5b). Die Geschwindigkeiten nehmen mit zunehmender Distanz vom
Hangfuss kontinuierlich zu, aber nur in den unteren 700 m, d.h. bis zur wahrscheinlichen Grenze zwischen
dem Bergsturz von Gianda Laret und der Brattas Rutschung im Bereich Sur Chaunt Blais (Siehe Bild 3a).
Dies legt die Vermutung nahe, dass die beiden Gebiete Bergsturz Gianda Laret und Brattas Rutschung nicht
miteinander verbunden sind. Die neu durchgefuhrte Berechnung der Sicherheit gegen Versagen am
Hangfuss bei der Beriicksichtigung einer Lange der Rutschung von nur noch 700 m liegt zwischen 1.5 und
2.6, womit das Versagen ausgeschlossen wére. Weitere Messungen sollen dies noch bestatigen.

a) \(w,..-ux\ o neuer Messpunkt b) Verschiebungsgeschwindigkeiten
— - 05
N\, 4 e alter Messpunkt
[ ]
. \ {_ Bergsturz/Rutschhang b Z\( Messungen 2007-2008
Ve . o - B Schiefer Turm 04 e Lx\ [MX go=®e
: E // _AA \\\xi’ \.\‘\\
= e - % \\ PR B
S 03/ / SN
i ’7
o st
g N Messungen 2006-2007
[ 4 M
§ 02 7 ‘/
o /
o
£
[3]
- ® 0.1
(3]
>
0.0 T T T T T
200 400 600 800 1000 1200 1400

Distanz zur Via Maistra [m]

Bild 5: a) Lage der Messpunkte, b) Geschwindigkeitsverlauf entlang des Hanges

2.3 Labor- und Feldversuche

Eine genauere Stabilitdtsberechnung erfolgt durch die FEM (Finite-Elemente-Methode), die eine vertiefte
Kenntnis der Bodenparameter voraussetzt. Die nétigen Parameter sind die Scherfestigkeit auf der
Gleitflaiche, die Steifigkeit der kriechenden Schicht und ihre Abhangigkeit vom Druck und der
Verschiebungsgeschwindigkeit. Diese sind durch Labor- und Feldversuche zu bestimmen.

2.3.1 Bestimmung der Scherfestigkeit

Zur  Ermittlung der  Hoéchst- bzw.  Restscherfestigkeit und  deren  Abhangigkeit  der
Verschiebungsgeschwindigkeit sollen Ringscherversuche bei verschiedenen Geschwindigkeiten und
Spannungen durchgefliihrt werden. Um die bestehenden Ringschergerate im Bezug auf den Einbau und die
Handhabung zu vereinfachen und eine bessere Reproduzierbarkeit zu erreichen, wurde ein neues
Ringschergerat entwickelt (Bild 6a und 6b). Ein weiterer Schritt war die Minimierung des Verlustes durch
Reibung in vertikaler Richtung wéhrend der Konsolidation und der Reibung zwischen den Ringen wahrend
dem Abscheren. Um die restliche noch vorhandene Reibung zu quantifizieren, wird einerseits der Druck
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ober- und unterhalb der Probe gemessen und andererseits die Reibung zwischen den Ringen vor und nach
jedem Versuch bestimmt.

Bild 6: a) Computer gesteuertes Ringschergerét, b) unterer Probenring mit eingebauten Druckmessdosen
und Teflonzylindern (Rdttimann, 2008)

Eine ausfuhrliche Beschreibung des Ringschergerates IGT und seiner Bestandteile ist in Rittimann (2008)
zu finden. In diesem Abschnitt werden das Ringschergerdt IGT und die letzten Modifikationen kurz
vorgestellt.

Bild 7: a) PVC Ring mit eingebauten Druckmessdosen (Rlittimann, 2008), b) untere Ringhélfte mit den drei
Kraftmessdosen im Boden (Villiger, 2008)

In der Version des von Rittimann benutzten Ringschergerates sind in die Filterplatte und das darunter
liegende PVC-Zylinderelement am Zellenboden drei Druckaufnehmer integriert (Bild 6b und Bild 7a). Diese
Druckaufnehmer besitzen einen Sensor, welcher in ein Olkissen gebettet ist. Das Ol ist durch eine
Aluminiummembran gegen aussen hin abgegrenzt und somit vor dem Auslaufen geschutzt. Wird nun Druck
auf die Membran ausgeiibt, so wird dieser (iber das Olkissen auf den Sensor geleitet, welcher den Messwert
angibt.

18



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

Die eingebauten Druckaufnehmer sind im Vergleich mit den alten Ringschergeraten, welche nicht mit diesen
Messinstrumenten ausgestattet sind, eine grosse Neuerung. Mit dieser Massnahme mdchte man wéahrend
dem Versuch genau bestimmen, wie gross der Verlust durch Reibung an den Ringinnenwénden ist. Dazu
werden die Messwerte am Probenboden mit der aufgebrachten Normalspannung am Probenkopf verglichen
und die tatsdchlich wirkende Normalspannung im Material bei der Scherfuge anhand eines
Reibungsgesetzes berechnet. Dabei hat sich bei mehreren Versuchen gezeigt, dass der Spannungsverlust,
der sich bei den Druckaufnehmer wegen der Bogenwirkung ergibt, grésser und unsteter war als
angenommen. Aus diesem Grund wurde das Ringschergerét fir die Versuche von Villiger modifiziert.

Anstelle der bei Rittimann (2008) verwendeten Druckaufnehmer im Boden der Probenzelle sind drei
Kraftmessdosen angebracht (Bild 7b). Die Spannungen im Boden werden nun vom Boden auf die Filterplatte
und eine darunter liegende Lastverteilungsplatte, die auf den Kraftmessdosen gelagert ist, Gbertragen. Damit
wird das Problem einer Bogentragwirkung in der Bodenprobe rund um die Druckaufnehmer gelést, woraus
verlasslichere Normalspannungen resultieren.

Durch diese Modifikationen wird die Aussagekraft der aufgezeichneten Krafte und der Uber die Probenflache
gemittelten effektiven Spannungen grésser. Der Normalspannungsverlust aufgrund der seitlichen Reibung
an den Teflonringen Uber die Probenhdhe kann besser quantifiziert werden und die Korrektur der
Scherspannung um den Anteil der Reibung zwischen den Teflonringen wird praziser.

Im Folgenden werden die Resultate von Rittimann (2008) als Serie 1 und die neuen Resultate von Villiger
(2008) als Serie 2 bezeichnet.

Im Bild 8 sind die Mittelwerte der Messresultate von Serie 1 und Serie 2 graphisch dargestellt. Zu jeder Serie
ist eine lineare Trendlinie durch den Nullpunkt vorhanden.

Die Resultate beider Serien liegen in derselben Grdéssenordnung. Dies bedeutet, dass die mit dem
Ringschergerat ermittelten Resultate am ,Kloten* Ton gut reproduzierbar sind. Die beiden Serien sind
unabhé&ngig voneinander zu betrachten, da die Versuche von unterschiedlichen Personen durchgefihrt
wurden.

Weiter ist ersichtlich, dass die Streuung der Messwerte der Serie 1 mit dem Bestimmtheitsmass R?=0.8220
grosser ist als jene aus Serie 2 mit R?=0.9974. Diese Veranderung kann auf die genauere Bestimmung der
effektiven Spannungen mittels Kraftmessdosen anstelle von Druckaufnehmern zurlickgefihrt werden.
Dadurch kann einerseits der Einfluss der Reibung zwischen den Teflonringen und andererseits die effektiv
vorhandene Spannung in der Scherfuge genauer bestimmt werden. Zuséatzlich wurden dem Bild 8 die
Resultate der Triaxialversuche von King (2003) an demselben Material als unabhangige Messungen
hinzugefigt. Dabei ist zu bemerken, dass bei den Triaxialversuchen nicht die Restscherfestigkeit
(Scherwinkel=¢’,) erreicht werden kann, sondern nur die Scherfestigkeit bei kritischem Volumen
(Scherwinkel=¢’,), die bei Tonen héher liegt als die Restscherfestsigkeit.
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Bild 8: Vergleich der Resultate der Ringscherversuche von Rlttimann (2008) Serie 1 und Villiger (2008)
Serie 2 an Kloten Ton mit den Triaxial Versuchen (Triax nur @', méglich) von Kiing (2003) am selben
Material.

Die Punkte der Serie 1 liegen bis auf einen Messwert stets oberhalb der Trendlinie der Serie 2. Dies kann
durch erklart werden, dass die am Boden vorhandenen Normalspannung durch die Messung mit den drei
Kraftmessdosen unterschétzt wurde. Durch eine Bogenbildung im Material aufgrund der weichen Membran
und dem steifen Ring der Kraftmessdose ist dies eine plausible Erklarung.

Nach der Validierung der letzten Modifikationen wurden erste Versuche an den Proben aus Braunwald bei
unterschiedlichen Normalspannungen und Schergeschwindigkeiten durchgefihrt (Beispiel: Bild 9). Diese
Arbeiten sind nicht abgeschlossen und werden noch weitergefuhrt (Vergleiche Kapitel 5.3 Braunwald).
Anschliessend stehen Ringscherversuche der Bodenproben aus St. Moritz bei unterschiedlichen
Normalspannungen und Schergeschwindigkeite auf dem Programm.
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Bild 9: Versuche an der nicht ausgesiebten Bodenprobe 2 aus Braunwald bei einer Normalkraft von ca. 200
kN/m? und einer Schergeschwindigkeit von 0.01 mm/min (Villiger, 2008)

2.3.2 Bestimmung der Steifigkeit

Zur

Ermittlung der

Steifigkeit wurden Oedometerversuche gemacht.

Far

die Durchfiihrung der

Oedometerversuche musste die Kornfraktion grosser als 4 mm ausgesiebt werden (ca. 30 % des
Probenmaterials), dadurch zeigen die Oedometerversuche ein eher zu weiches Verhalten des Bodens. Aus
diesem Grund wurden zusétzlich zwei Arten von Dilatometer Tests zur Bestimmung der Bodensteifigkeit in
unterschiedlichen Tiefen in einem Bohrloch in der Nahe des Schiefen Turms durchgefiihrt.
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Bild 10: Vergleich der Dilatometerversuche.
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Das erste Gerat war der Cambridge Insitu Dilatometer: Ein zylinderférmiges Priifgerat bestehend aus einer
zylinderférmigen, aufblasbaren Gummimembran mit Wegaufnehmern, das in das vorgebohrte Bohrloch
eingefthrt wird. Das zweite Messgerat war der Marchetti Flat Dilatometer: Dieses Gerat besteht aus einer
spatenférmigen Prifspitze mit einer runden, flachen und aufblasbaren Stahlmembran. Diese Prifspitze
wurde am Bohrlochende bis zu einem Meter tief in den Boden gepresst. Es war das erste Mal, dass diese
beiden Methoden in solch schwierigen Bodenverhaltnissen (Ton, Silt, Kies und Steine vermischt) erfolgreich
eingesetzt werden konnten. Der Vergleich (Bild 10) der Dilatometermessungen untereinander und mit den
Oedometerversuchen hat gezeigt, dass die Messungen mit dem Cambridge Insitu Dilatometer wegen dem
vorgangigen Bohren generell ein zu weiches Verhalten widerspiegeln. Die Messungen mit dem Marchetti
Flat Dilatometer hingegen zeigen ein etwas zu steifes Verhalten des Bodens, da das Einpressen des
Spatens zu einer zusétzlichen Verdichtung des Bodens fihrt. Dagegen zeigen die Oedometer Versuche ein
eher zu weiches Verhalten des Bodens. Somit liegt die tatséchliche Steifigkeit zwischen den Marchetti und
Cambridge Dilatometer Versuchen. Die Untersuchungen und der Vergleich der Resultate wurden von Puzrin
et al. (2008) in einem Bericht festgehalten und werden in den folgenden Kapiteln genauer ausgefiihrt.

Um die vorherrschenden Verhaltnisse des Randewertproblems der Brattas Rutschung zu verdeutlichen,
kann das Schema einer diinnen, am Fuss gehaltenen Rutschung, wie im Bild 11a dargestellt, herbeigezogen
werden (nach Puzrin und Sterba 2006). Das Kréftegleichgewicht der sich bewegenden Schicht wird gebildet
durch den Scherwiderstand 7 * auf der Scherflache, die Normalspannung p und den effektiven aktiven
Erddruck p,’, so wie die Porenwasserspannungen u, im Anrissgebiet, die auf das obere Ende der Schicht
wirken.

L
p(x,t)H+J-T*(x,t)dx= v, H(L—x)sina+(p/ +u,)H (2.1)

Wobei %, das totale Raumgewicht, & die mittlere Hangneigung, L und H die Lange bzw. die H6he der sich

bewegenden Masse angibt.

a) 8 b) /"’
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Bild 11: a) Schematische Darstellung der am Fuss gehaltenen Rutschung, b) Standort der neuen Bohrung
im Sommer 2006 (Hintergrundbild nach Schllichter, 1988).
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Wie im Bild 11a ersichtlich spielt die Verteilung der Scherspannung entlang der Scherflache in einer diinnen,
rutschenden Schicht eine wichtige Rolle, um die vorherrschenden Spannungen und damit auch die
Verschiebungen, so wie die Stabilitdt des Hanges zu ermitteln. Zuséatzlich werden die Scherspannungen

stark durch die Porenwasserdriicke u(x,t), die saisonal und 6rtlich schwanken kdnnen, beeinflusst.

T (x,1) = (o, —u(x,t))tan @' o, =Y, Hcosa 2.2)

Leider lassen sich die Porenwasserspannungen in der Scherzone nicht direkt messen. Der einzige Weg um
sie dennoch zu ermitteln ist eine Ruckrechnung, in der der gesamte Rutschhang als eine Art
Dehnmessstreifen betrachtet wird. Dieses Vorgehen wird in den folgenden Abschnitten beschrieben.

Falls die raumliche Verteilung der mittleren Spannungen p(x,t) in der Rutschmasse bekannt ist, kdnnen

die Porenwasserdriicke u(x,t) mit den Gleichungen 2.1 und 2.2 riickgerechnet werden:

(2.3)

u(x,r) = VH(cosa— Sina]_ dp(x,t) H

tan @' ox tang¢'

Jedoch stellt uns auch diese Methode der Bestimmung der Porenwasserdriicke vor einzelne
Schwierigkeiten. So ist es bis zum heutigen Zeitpunkt kaum mdglich verlassliche Erddruckmessungen in
heterogenen Béden durchzufihren. Hingegen sind die Messungen der Verschiebungen entlang der
Rutschung S(x,t) (Bild 11a) mit Hilfe von geodétischen Messungen und Inklinometermessungen relativ
einfach. Nehmen wir nun zum Beispiel ein einfaches linear elasto-plastisches, geschwindigkeits-
unabhéngiges Model fir das Verhalten der sich bewegenden Schicht an, so kénnen die Spannungen wie
folgt berechnet werden:

p(x,1) = E€(x,1) £(x,1)=00(x,1)/ox (2.4)

wobei € fur die Uber die Tiefe gemittelte, linearen Dehnung steht; E ist das elasto-plastische Modul des
Bodens. Die Substituierung der Gleichung 2.4 in die Gleichung 2.3 erlaubt die Berechnung der Anderung der
Porenwasserspannungen entlang der Scherfliche zu jeder Zeit At zwischen  den
Verschiebungsmessungen:

(2.5)

Au(x)=ulx,t, + Ar)—u(x,,) = - (325(%% +Ar) 825(x,t0)j H

ox* ox’ tan ¢’

Dieser Ausdruck gilt jedoch nur, falls die Anderung des Porenwasserdrucks positiv ist, was zu einer
Abnahme der Scherspannungen und somit zu einer Zunahme der Verschiebungen fiihrt. (Hingegen kann
eine Zunahme der Scherspannungen nicht dazu fiihren, dass sich der Hang auf einmal nach oben bewegt,
wenn die Anderung der Porenwasserspannung negativ ist!)

Diese Zunahme der Porenwasserspannungen kann mit den saisonalen und jéhrlichen Schwankungen der
Niederschlagsmenge in Verbindung gebracht werden. Die Lokalisierung der unterschiedlichen
Porenwasserspannungen fihrt zu einem effizienteren Design von Drainagesystemen, letztere kénnen mit
Hilfe dieser Methode anschliessend auf ihre effektive Wirkung hin Gberprift werden.

Bei diesem neuen Rickrechnungsverfahren wird der Rutschhang als eine Art riesiger Dehnmessstreifen
betrachtet, der zur Messung des Scherwiderstandes und der Porenwasserspannnungen entlang der
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Scherflache benutzt wird. Wie bei jedem gewdhnlichen Dehnmessstreifen ist die Steifigkeit E von grosster
Bedeutung. Jedoch stellt die Messung der Bodensteifigkeit parallel zur Hangneigung in solchen heterogenen
Bdden (kiesige Tone und Silte der Rutschmasse in St. Moritz) eine Herausforderung dar. Verlassliche Daten
Uber die Steifigkeit des Bodens kénnen nur mit Hilfe von Feldversuche erlangt werden, allerdings wird die
Anwendung beider Dilatometerversuche (Cambridge Insitu und Marchetti Flat Dilatometer) fir solche Bdden
ausdrlcklich nicht empfohlen.

Die Rutschmasse in St. Moritz kann aufgrund ihrer Kornverteilung mit einer Moréne verglichen werden. Nur
wenige Untersuchungen der Bodensteifigkeit in Moranen konnten mit Hilfe von Dilatometerversuchen
erfolgreich durchgefiihrt werden (z.B. Akbar and Clarke, 2001; Powell and Butcher, 2003; Long and Menkiti;
2007). Dies liegt an zwei Tatsachen: Einerseits ist die Festigkeit des Bodens nicht gentigend gross, dass ein
offenes Bohrloch stehen bleibt; andererseits verunmdglichen gréssere Steine ein Einpressen oder die
Benutzung von selbstbohrenden Dilatometern. Laborversuche zur Bestimmung der Steifigkeit stellen keine
Alternative zu den Feldversuchen dar, da die Laborversuche an gestérten und neu angemischten Proben,
Partikel grésser als 4 mm werden entfernt, durchgefiihrt werden (z.B. Gens and Hight, 1979; Clarke et al.,
1998).

In den folgenden Abschnitten wird auf die Messung der Bodensteifigkeit der Rutschmasse in St. Moritz
eingegangen, wobei beide Arten von Dilatometern eingesetzt wurden. Im Sommer 2006 konnten beide
Messungen in der Nahe des Schiefen Turmes erfolgreich durchgefiihrt werden. Dabei wurden verschiedene
Messungen in unterschiedlichen Tiefen durchgefiihrt und anschliessend die beiden Methoden zur Messung
der insitu Steifigkeit des Bodens mit einander verglichen. Zusatzlich wurden Oedometerversuche an
Bodenproben aus derselben Bohrung den Resultaten der Dilatometerversuche gegenibergestelit.

2.3.21 Die Bohrung in St. Moritz

Im Sommer 2006 wurde ein 25 m tiefes Bohrloch mit einem Innendurchmesser von 101 mm in der N&he des
Schiefen Turms von St. Moritz abgeteuft (Bild 11b, 12a und 12b). Der eigentliche Zweck der Bohrung
bestand im Einbau eines neuen Inklinometerrohres zur Uberwachung des Schiefen Turmes. Der Fels wurde
in einer Tiefe von 19 m angetroffen, liberdeckt von einer durchmischten Masse aus Ton und Silt mit Kies und
Steinen. Die Scherflache konnte anhand von friheren Inklinometermessungen in einer Tiefe von 17 m
lokalisiert werden. Die Dilatometerversuche wurden in vier verschiedenen Tiefen durchgefihrt. In jeder Tiefe
konnte mindesten mit einem Dilatometer erfolgreich Versuche durchgefuhrt werden. Gestdrte Bodenproben
wurden anschliessend aus denselben Tiefen entnommen wie die Dilatometermessungen gemacht wurden.
Im Labor wurde an den gesammelten Bodenproben Oedometerversuche durchgefihrt.
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Bild 12: a) Ansicht der Bohrstelle und des Bohrgerétes, b) der Schiefe Turm von St. Moritz.

2.3.2.2 Versuche mit dem Cambridge Insitu Dilatometer

Fir lockere, weiche Bdden sind Cambridge Insitu Dilatometer Versuche grundsétzlich nicht geeignet, da das
Bohrloch auch ohne Verrohrung offen bleiben muss. Trotzdem konnten Dilatometerversuche in der Tiefe von
5m, 9 m und 14 m mit dem Cambridge Insitu Dilatometer durchgefiihrt werden. Dazu wurde zuerst ein 101
mm Bohrloch ohne Verrohrung vorgebohrt und anschliessend das zylinderférmige Messgerat mit einem
Durchmesser von 94 mm (Bild 13a) hinabgelassen. Die Versuche wurden nach einem Standardverfahren
von der Firma Stump ForaTec AG (Sambeth, 2006) durchgefiihrt. Resultate aus den Versuchen sind in Bild
13D fiir die Erst- (Ecomp), S0 Wie die Wiederbelastung (E,,) dargestellt.
Grundsatzlich kann festgehalten werden, dass die insitu Bodensteifigkeit, die aus solchen Versuchen
erhalten wird, aus folgenden Griinden dem unteren Grenzwert entspricht:

e Zerstérung der Bodenstruktur durch vorgéangiges Bohren.

¢ Relativ grosse Verschiebungen der Messmembrane (3 - 6 mm) schliessen den Effekt von héherer

Steifigkeit bei kleinen Dehnungen (,small-strain stiffness”) aus.
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Bild 13: a) Cambridge Insitu Dilatometer (Internet, 2007a), b) Bodensteifigkeit aus Dilatometerversuchen

2.3.2.3 Versuche mit dem Marchetti Flat Dilatometer

Der Marchetti Flat Dilatometer wird prinzipiell nicht fir Béden mit Steinen empfohlen, weil diese mit dem
Prifspaten nicht durchdrungen werden kénnen und somit Hindernisse darstellen. Trotzdem konnten in St.
Moritz erfolgreich Versuche in der Tiefe von 6.5 m, 11 m, 14 m und 17 m durchgefuhrt werden. Hierfir wurde
eine spatenférmige Prifspitze (Bild 14) von einem vorgebohrten Bohrloch weiter in den Boden gepresst. Auf
der jeweiligen Tiefe wurden Versuche alle 20 cm gemacht. Die Versuche mit dem Marchetti Dilatometer
wurden nach einem Standardverfahren von Marchetti et al. (2001) durchgefihrt.
Die Resultate der Erstbelastung Ecomp (nur diese kénnen mit dem Marchetti Dilatometer ,gemessen” werden)
sind in Bild 13b dargestellt. Hierbei zeigen die Messungen 20 cm unterhalb des vorgebohrten Bohrlochs
geringere Steifigkeiten gegentber den Werten aus einer Tiefe von 40 und 60 cm unterhalb der Bohrung, weil
der Einfluss des Aufbohrens oberhalb der Messung und der damit verbundenen Anderung des
Spannungszustandes im Boden ab 40 cm kaum mehr einen Einfluss spielt.
Generell stellt die durch die Marchetti Versuche erhaltenen Steifigkeiten des Bodens aus folgenden Griinden
den oberen Grenzwert dar:
e Durch das Einpressen des Priifspatens wird der Boden um den Spaten verdichtet.
¢ Relativ kleine Verschiebungen der Messmembrane (1.1 mm) schliesst den Effekt der geringeren
Steifigkeit bei grossen Dehnungen (large-strain stiffness) aus.
e Da die Messung nur in einer Richtung erfolgt, fuhrt der 3D-Effekt zu einem steiferen Verhalten
(Hingegen wird bei den Versuchen mit dem Cambridge Insitu Dilatometer die Membrane in alle
Richtungen der x-y-Ebene aufgeblasen).

Fir die oben genannten Effekte gibt es nach Marchetti et al. (2001) verschiedene Korrekturfunktion die auf
die einzelnen Messungen in den verschiedenen Bdden angewendet werden kénnen. Leider existiert fur die
Messung in Béden mit einer moraneéhnlichen Kornverteilung keine verlassliche Korrekturfunktion, weshalb
im Folgenden die unkorrigierten Werte aus den Versuchen mit dem Marchetti Flat Dilatometer verwendet
wurden.
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Kontrollbox

Priifspaten mit Membrane

Bild 14: Marchetti Flat Dilatometer

2.3.24 Oedometer Versuche

Es wurden 16 gestérte Bodenproben aus denselben Tiefen entnommen, in denen Dilatometerversuche
durchgefuhrt wurden. Dies mit dem Ziel, die Resultate der Bodensteifigkeit aus den Feld- und Laborversuchs
einander gegenlber zu stellen.

Grundséatzlich wurden zwei Oedometerversuche an einer Probe aus derselben Tiefe durchgefiihrt. Wo die
Resultate signifikant von einander abwichen wurde ein dritter Test durchgefiihrt.

Kompressions- und Quellbeiwert [-]
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Bild 15: Bodensteifigkeit (Kompressions- CS und Quellbeiwert CC) aus den Oedometerversuchen
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Den neu angemischten Proben wurde der Anteil grosser als 4 mm durch Sieben entfernt, womit sich in den
Proben keine grésseren Steine, Kies und Holzstiicke mehr befanden. Anschliessend wurde den Proben so
viel Wasser hinzugegeben bis sie eine pastenartige Konsistenz aufwiesen. Die Proben wurden mit Hilfe von
einem Spachtel in die Oedometerringe eingebracht. Jede Probe wurde schrittweise bis 400 kPa belastet,
danach bis 50 kPa entlastet und wieder bis 3200 kPa belastet. Aus der Zeit-Setzungskurve ergab sich eine
Konsolidationszeit der einzelnen Belastungsschritte zwischen 30 und 45 Minuten. Bild 15 gibt eine Ubersicht
aller Kompressions- und Quellbeiwerte der Oedometerversuche. Diese Werte zeigen eine gute
Ubereinstimmung mit den Versuchen die Clark et al. (1998) an Moranen durchgefiihrt hat.
Generell ist die durch die Oedometerversuche bestimmte Bodensteifigkeit durch folgende Tatsachen
geringer als die tatsachlich im Boden vorherrschende:
e Das Material fir die Versuche wurde neu angemischt, womit vorherrschende Gefligestrukturen
zerstort wurden.
e Fir die Durchfiihrung der Oedometerversuche musste die Fraktion grésser als 4 mm ausgesiebt
werden.
Gens und Hight (1979) haben gezeigt, falls der Kiesanteil geringer als 12% ist, kann dieser ohne das
Endresultat zu verfélschen entfernt werde. Im vorliegenden Fall mit den Bodenproben aus St. Moritz betragt
dieser Anteil jedoch ca. 30%.

2.3.25 Vergleich zwischen Labor- und Feldversuchen

Um die einzelnen Resultate der unterschiedlichen Versuchsmethoden miteinander zu vergleichen, eignen
sich das Erst- (Ecomp) und Wiederbelastungsmodul (E,,) nicht, da diese eine grosse Spannungsabhéangigkeit
aufweisen und die Versuche teilweise bei unterschiedlichen Spannungen durchgefiihrt wurden. Im
Gegensatz dazu sind der Kompressions- und Quellbeiwert spannungsunabhangig und stellen damit ,wahre”
Bodenkennwerte dar. Wahrend bei Oedometerversuche Cc und Cs direkt aus den Versuchen hergeleitet
werden kénnen, bendtigt die Umrechnung von Egmp und E, der Dilatometerversuche Kenntnis tber die

jeweiligen mittleren Normalspannungen c;n die wahrend der Versuche vorherrschten.

Im Allgemeinen sind der Kompressions- und Quellbeiwert wie folgt mit dem Verformungsmodulus Megcomp
bzw. Mg, verknUpft:

MEwmp MEur
Far einen isotrop-elastischen Boden kann das Verformungsmodul durch den Young’s Modulus (Erst- bzw.
Wiederbelastungsmodul) folgendermassen ersetzt werden:

(1-v) (1-v)
M = M = (2.7)
Eeomp = (e v)i—2v) " B v i-2v)
Mit der Annahmen einer Querdehnzahl von 0.25 kdénnen die Formeln aus 2.7 direkt in Verbindung mit den
Dilatometerversuchen gebracht werden, und wir erhalten die nachfolgenden Umrechnungsformeln:

L_:1.92-(1+e0)0r,n CS:1.92-(1+e0)0r,n
E E

comp ur

C

In diesen Formeln entspricht ¢, der insitu Porenzahl (fir St. Moritz zwischen 0.75 und 1.0).
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Far die Versuche mit dem Marchetti Dilatometer kann die mittlere Spannung O','n aus dem aufgebrachten
Druck wéhrend des Versuches ermittelt werden. Die Bodensteifigkeit wird mit Hilfe der beiden Dricke p, und
p1 berechnet, die nétig sind die Membrane gerade zu 6ffnen bzw. 1.1 mm zu verschieben (Marchetti et al.,
2001). Somit ergibt sich die mittlere Spannung G:n, die zur Umrechnung des Erstbelastungsmoduls Ecomp in
einen Kompressionsbeiwert bendtigt wird, aus dem arithmetischen Mittel der Driicke pp und p;.

Fir die Versuche mit dem Cambridge Insitu Dilatometer wurden fur die mittlere Spannung G:n ebenfalls der
mittlere Druck in der Membrane verwendet. Die Berechnung der Bodensteifigkeit erfolgt durch die Steigung

einer Geraden durch zwei Punkte auf dem Spannungsdehnungsdiagramm der Erst- bzw. Wiederbelastung.
Durch das arithmetische Mittel der Spannungen an denselben Punkten ergibt sich die zugehdrige mittlere

Spannung O','n fur die Umrechnungsformel 2.8.

Im Bild 16 werden die einzelnen Resultate aus den Feld- und Laborversuchen auf der Basis des
Kompressionsbeiwerts aus den Oedometerversuchen miteinander verglichen. Hierfir wurde der mittlere
Kompressionsbeiwert der Oedometerversuchen aus derselben Tiefe als 100% angenommen und
anschliessend flr die Feldversuche der Kompressions- bzw. Quellbeiwert nach der Formel 2.8 berechnet. In
einem letzten Schritt wurden die Resultate der jeweiligen Tiefen durch den Kompressionsbeiwert aus den
Oedometerversuchen geteilt und mit 100% multipliziert.
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Bild 16: Vergleich der Bodensteifigkeiten aus Feld- und Laborversuchen
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2.3.2.6 Diskussion der Resultate

Wie in Bild 16 gezeigt, lassen sich unterschiedliche Labor- und Feldversuchen am besten untereinander
vergleichen, wenn die Resultate in die ,spannungsunabhangigen® Kompressions- und Quellbeiwerte
umgerechnet werden. Alle drei Untersuchungsmethoden ergeben qualitativ dasselbe Ergebnis lber die Tiefe
hinweg. Es kénnen folgende Beobachtungen im Bezug auf die Steifigkeit bei der Erstbelastung
(Kompressionsbeiwert) gemacht werden:

e Wird davon ausgegangen, dass der Versuch mit dem Cambridge Insitu Dilatometer einen oberen
und der Versuch mit dem Marchetti Dilatometer einen unteren Grenzwert fur den
Kompressionsbeiwert ergeben, so lasst sich eine verniinftige Bandbreite der insitu Bodensteifigkeit
abstecken.

e Trotz dem Entfernen der Fraktion grésser als 4 mm (ca. 30%) ergeben die Oedometerversuchen
einen verniinftigen oberen Grenzwert fiir den Kompressionsbeiwert.

¢ Das elastische Kompressionsmodul E.mp der ersten Marchetti Versuche der jeweiligen Bohrlochtiefe
(20 cm unterhalb der Bohrung) wird stark durch die Verdnderung des Spannungszustandes durch
die Bohrung beeinflusst. Hingegen zeigen diese Werte eine gute Ubereinstimmung mit den Werten
aus den Cambridge Insitu Dilatometerversuche (Vergleiche Bild 15b).

e Die Folgemessungen mit dem Marchetti Dilatometer (40 cm und 60 cm unterhalb der Bohrung)
zeigen im Bezug auf den Kompressionsbeiwert &hnliche Resultate, wie die Erstmessung (20 cm
unterhalb der Bohrung). Dies lasst darauf schliessen, dass das Bohren keinen stérenden Einfluss
auf den Kompressionsbeiwert aus den Messresultaten der Marchetti Versuchen hat (Bild 16).

Im Bezug auf die Steifigkeit bei der Wiederbelastung (Quellbeiwert) kdnnen folgende Aussagen gemacht
werden:

e Geht man davon aus, dass die Versuche mit dem Cambridge Dilatometer einen oberen Grenzwert
fir den Quellbeiwert angeben, zeigen die Oedometerversuche an den neu angemischten Proben ein
zu ,weiches" Verhalten und k&nnen nicht zur Findung eines oberen Grenzwertes herbeigezogen
werden.

e Dies zeigt, dass das Verhalten bei der Wiederbelastung sensibler auf die Anwesenheit von Kies und
Steinen im Feld und auf allféllige Stérungen der Probe im Labor reagiert als die Erstbelastung.

2.3.2.7 Zusammenfassung und Schlussfolgerungen

Das erste Mal konnte bei geotechnischen Versuchen beide Arten von Dilatometerversuchen in solch einem
schwierigen Boden (siltiger Kies mit Ton und Steinen) erfolgreich eingesetzt werde. Die Feldversuche
zeigten eine gute Ubereinstimmung untereinander und mit den zusétzlich durchgefiihrten Laborversuchen.
Folgende Schlussfolgerungen kénnen gezogen werden:

e Der Kompressions-(Cc¢) und Quellbeiwert (Cs) reprasentieren eine gute Grundlage um verschiedene
Arten von Feld- und Laborversuchen Uber einen grossen Spannungsbereich mit einander zu
vergleichen.

e Die Versuche mit dem Cambridge Insitu Dilatometer, falls sie Gberhaupt durchfihrbar sind, geben
einen oberen Grenzwert fir den Kompressions- und Quellbeiwert an. (Sie zeigen ein eher zu
weiches Verhalten des Bodens, da vorgangig gebohrt werden musste.)

e Der Marchetti Dilatometer gibt die untere Grenze fur den Kompressions- und Quellbeiwert an.
(Durch das Einpressen des Versuchsspatens wird der Boden teilweise verdichtet, was zu einem
eher zu steifen Verhalten des Bodens fUhrt. Hierflir existieren fiir eine Vielzahl von Béden semi-
empirische Korrekturfaktoren.)
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e Oedometerversuche an gestoérten und neu angemischten Proben, falls der ausgesiebte Teil (> 4
mm) Uber 12 % betragt, ergeben einen oberen Grenzwert fir den Kompressionswert und einen noch
héheren Gernzwert fir den Quellbeiwert. (Der Boden zeigt ein zu weiches Verhalten, da ihm die
Anteile > 4 mm entzogen wurden, zusétzlich gehen vorher vorhandene Bindungen zwischen den
einzelnen Bodenpartikeln verloren.)

e Es hat sich gezeigt, dass um eine verniinftige Bandbreite des wirklichen Bodenverhaltens von
moraneahnlichen Bdéden zu erreichen, eine Kombination von Cambridge Insitu Dilatometer und
Marchetti Dilatometer Versuchen von Néten ist. Eine einzelne Versuchsart von Feldversuchen ist
nicht ausreichend.

Die erhaltenen Werte fur die Steifigkeit des Bodens kénnen nun in die Rickrechnung der Verschiebungen
und somit zur Berechnung der Porenwasserdriicke und der Scherspannungen entlang der Scherflache
miteinfliessen. Womit anschliessend eine Analyse der Stabilitdt und allfalliger Stabilisierungsmassnahmen
(z.B. Drainagesysteme) ermdglicht wird.
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3 Neue Sensortechnologien

3.1 Erddruckmessungen

Die meisten Rutschhé&nge sind mit Inklinometerrohren ausgestattet. Aus diesem Grund war es naheliegend,
diese Rohre fiir zusatzliche Messungen zu benutzen. Da auch auf diese Rohre der Erddruck wirkt, lasst sich
durch die Anderung des Durchmessers der Rohre auf den herrschenden Druck schliessen (Bild 17a).

Dafir wurde eine Sonde gebaut (Bild 17b), welche in den Rillen geflihrt nach unten gleitet und fortlaufend
die Inklination, den Wasserdruck und den Durchmesser misst. Eine Vielzahl von zusatzlichen Einfliissen:
Rohreigenschaften, Bettung des Rohres, Biegung des Rohres etc. wird im Rahmen einer Doktorarbeit am
IGT genauer untersucht (Schwager et al. 2009, Siehe Anhang). Erste Versuche wurden im Herbst 2008 in
St. Moritz (Bild 17c) durchgefuhrt. Die Ergebnisse (Bild 17a) zeigen eine starke Spannungsanisotropie in der
Kompressionszone des Rutschhanges.

a) Durchmesser iiber die Rohrtiefe hinweg b)

Durchmesser [mm]

60.5 61 61.5 62
0
—a—A-Achse
B-Achse
0.5
1 A
' A-Achse
T o
@ 15 PN c)
2 N | ) B-Achse
= \
5 | ==
2.5 1
\I\a“a-‘s“a
3

W Der Schiefe Turm
© Chesa Corviglia
@ Hotel Kulm

Bild 17: a) Messung eines deformierten Inklinometerrohres mit Spannungsachsen, b) am Institut
entwickeltes Messgeriét, c) Standort des Inklinometerrohres (Hintergrundbild nach Schliiichter, 1988).

3.2 Bestimmungen der Grenzen

Eine weitere neue Anwendung ist die Glasfasertechnik zur Bestimmung der seitlichen Ausdehnung der
Rutschung innerhalb des bebauten Gebietes. Aufgrund der Bauvorschriften der Gemeinde von St. Moritz ist
das Bauen innerhalb des Rutschgebietes deutlich teurer und komplexer als ausserhalb. Die westliche
Begrenzung der Rutschung durchschneidet das Dorf von St. Moritz und kann durch geodatische Messungen
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nicht genau lokalisiert werden. Dies flhrt zu einer gesetzlichen und technischen Unsicherheit bei
Baugesuchen auf den Parzellen, die sich an der Grenze zwischen beweglichem und ruhendem Gebiet
befinden. So eine unklare Ubergangszone stellt die westliche Begrenzung der Rutschung bei der Via Tinus
dar (Bild 17c). Es wurde entschieden die Strasse Via Tinus als einen riesigen Dehnmessstreifen zu
verwenden. Zu diesem Zweck wurde ein 88 m langes Glasfaserkabel in einen 7 cm tiefen Schlitz eingelegt
(Bild 18a) und mit dem Strassenbelag verklebt. Erste Messungen im darauffolgenden Jahr zeigten eine rund
15 m lange Scherzone (Bild 18b), die etwa in einem 45° Winkel zur Strasse verlauft. Die Verschiebung tber
die ganze Scherzone betragt ca. 2 cm, was mit vorgangigen geodatischen Messkampagnen aus den Jahren
1998 und 2006 Ubereinstimmt.

Des Weiteren wurden Mikro-Anker entwickelt um dieselbe Technik auch unabhangig von Asphaltstrassen
anwenden zu kdnnen. Die ersten Versuche mit den Mikro-Ankern geschahen im Rahmen einer Masterarbeit
am Institut fir Geotechnik. Im Sommer 2008 wurde das erste mit Ankern fixierte Kabel in St. Moritz in einem
Naturweg eingebaut. Erste Resultate werden voraussichtlich im Sommer 2009 vorliegen.

b) Ubergangszone

"
Glasfaserkabely/

Bewegung

Dehnungszuwachs [pe]

Entlang des Dehnungsmesskabels [m]

Bild 18: a) Einbau des Glasfaserkabels in der Strasse, b) Interpretation und Dehnungsmessungen im Kabel

Da im gesamten Bereich des iiberbauten Brattas Hanges Inklinometerrohre eingebaut wurden, die teilweise
schon abgeschert sind, besteht eine weitere Idee mit Hilfe von Glasfaserkabeln diese zum heutigen
Zeitpunkt abgescherten Inklinometerrohre (fir Inklinometersonden nicht mehr durchgangig) wieder
funktionstlchtig zu gestalten. Zu diesem Zweck wurde in einem Inklinometerrohr bei der Kreuzung Via Tinus
- Via Maistra (Bild 17c) ein Glasfaserkabel eingebaut und das Rohr ausinjiziert. Die ersten Folgemessung
des Glasfaserkabels wies auf eine Scherflache in 6 - 7 m hin, was mit den alten Inklinometermessungen
Ubereinstimmt (Bilder 19a und 19b). Ebenfalls die Grésse der Verschiebung, die aus den Dehnungen im
Glasfaserkabel zurlickgerechnet wurde, liegt im Bereich der friiheren Inklinometermessungen.
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Bild 19: a) Inklinometermessungen aus den Jahren 1982-1984, b) Glasfaserdehnung im selben
Inklinometerrohr aus dem Jahr 2008

Das riesige Potential dieser neuen Technologie im Bereich der Uberwachung von sich langsam bewegenden
Rutschhé&ngen wird von lten et al. (2009) genauer beschrieben und ist dem Anhang beigelegt.
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4 Zusammenfassung Brattas Kriechhang

Die langfristige Stabilitat des Brattas Kriechhanges muss noch weiter untersucht werden. Die Abschétzung
des Sicherheitsgrades erfolgt durch Rickrechnungen mit Hilfe einer Naherungsmethode, die die jahrlichen
Verschiebungen des Kriechhanges nutzt. Die Verschiebungen sollen entlang des gesamten Hanges
gemessen werden. Eine genauere Abschatzung des Sicherheitsgrades erfolgt durch FE-
Stabilitatsberechnungen, die die Kenntnis der Bodenparameter verlangen. Die Bodenparameter werden
durch Labor- und Feldversuche bestimmt. Hierbei darf die Versuchsgeschwindigkeit nicht ausser Acht
gelassen werden und Versuchsresultate sind durch Rickrechnungen zu Uberpriufen. Die modernen
Sensortechnologien bieten neue Méglichkeit zur Uberwachung von Kriechhéngen.
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5 Weitere Projekte

5.1 Combe Chopin (BE)

Wird ein aktiver Kriechhang an seinem Fuss durch eine natirliche oder kiinstliche Barriere gestoppt, so
verlangsamen sich die Verschiebungen im gesamten Hang. Dies flhrt meist zur intuitiven Annahme, dass
der gesamte Hang dadurch stabilisiert ist. Doch gerade wegen dieser Zwangung am Fuss des Hanges kann
es zu einem Versagen kommen. Dies geschieht dadurch, dass durch die Verlangsamung der kriechenden
Schicht der viskose Anteil der Scherspannungen in der Ubergangszone zwischen Kriechhang und stabilem
Untergrund abnimmt. Diese Verminderung der Scherspannung in der Scherzone wird durch eine Zunahme
des Erddrucks am Fuss kompensiert, jedoch nur so lange bis der Erddruck am Fuss den passiven Erddruck
erreicht. Danach tritt ein Versagen des Hanges ein. Nun gilt es abzuklaren, ob die Spannungen am Fuss
Uberhaupt bis zum passiven Erddruck zunehmen kdnnen, oder ob der Hang schon vorher zum Stillstand
gekommen ist.

Ein solches Beispiel einer kiinstlichen Barriere stellt die Stitzmauer bei Combe Chopin (BE) einem Teilstlick
der Autobahn A16 dar.

Gleitflache

Bild 20: Modell der analytischen Berechnung des Hanges bei Combe Chopin

Ob hier das Versagen durch das Erreichen des passiven Erddrucks im Bereich vor der Mauer auftreten kann
oder nicht, wurde mit Hilfe von geodéatischen Messungen, TRIVEC und Ankerkraftmessungen abgeklart
(Puzrin und Schmid, 2007). Hierbei stellte sich heraus, dass ein ,Uberfliessen der verankerten Wand nicht
ausgeschlossen werden kann.

5.1.1 Einleitung Combe Chopin

In der folgenden Stabililtitsberechnung wurden die Daten aus den Uberwachungsmassnahmen bei der
Bohrpfahlwand des Autobahnneubaus Combe Chopin verwendet. Hier muss zusatzlich erwahnt werden,
dass zum Zeitpunkt der Berechnungen nicht alle aktuellen Daten zur Verfligung standen, somit kann eine
definitive Aussage erst nach dem Eintreffen und Miteinfliessen der neusten Daten Uber die Stabilitat der
Rutschung bei Combe Chopin gemacht werden. Die in diesem Bericht gemachten Aussagen sollen
hauptséchlich als Anleitung zu einer Uberpriifung der Stabilitdt eines am Fusse durch eine flexible Wand
gestltzten Hanges dienen.
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Der Autobahnneubau der A 16 von Bern nach Delémont und Basel stellt eine wichtige Verbindung zwischen
Bern als Bundeshauptstadt und Frankreich dar (Bild 21a). Fir den Neubau musste der Kriechhang bei
Combe Chopin angeschnitten werden. Dieser wird auf beiden Seiten im Norden und Siden von Higeln
umrahmt (Bild 21b). Die Kriechverformungen der Rutschung bei Combe Chopin werden seit 1976 Gberwacht
und gemessen (Bapst, 2002). Die Neigung des Hanges liegt zwischen 25° und 30° und verlduft in Ost West
Richtung. Am Fuss der Rutschung befindet sich der Fluss Birs. Die Ausdehnung des sich bewegenden
Gebietes entspricht in der Breite 150 - 200 m und in der Ladnge 140 — 190 m. Das Rutschgebiet kann in
einen grésseren sidlichen und einen kleineren ndrdlichen Teil mit einer Ldnge von ca. 90 m unterschieden
werden. Die Dicke der sich bewegenden Schicht betrédgt im nérdlichen Teil zwischen 5 und 7 m und im
sudlichen Teil bis zu 14 m. Die Rutschmasse besteht aus einer durchmischten Masse von schlecht
abgestuftem Kies bis siltigem Kies teilweise sogar mit Ton vermengt. Darunter befindet sich eine ahnliche
Schicht mit einer Dicke von 0.5 bis 1 m, die aber noch zuséatzlich mit Lehm aus dem verwitterten Mergel
angereichert ist. Unterhalb dieser Schicht befindet sich der Ubergang vom gesunden zum verwitterten
Mergel mit einer Dicke zwischen 2 und 4 m. Die hydrologischen Verhéltnisse werden hauptsachlich durch
den weniger durchldssigen Mergel bestimmt, womit Niederschladge durch die sich bewegende Schicht
sickern und auf der weniger durchlassigen Mergelschicht dem Rutschhorizont folgen.

Im Rahmen der Baumassnahmen wurde der nérdliche Teil des Kriechhanges mit Hilfe von rlickverankerten
Bohrpféhlen stabilisiert. Im Folgenden wird nur der mit Hilfe der Wand ,stabilisierte® nérdliche Teil der
Rutschung betrachtet.

b)

1 |
o = b Bl e 0N
o« Wl G Somismaia *

BEE,N' 10 Km o -

0 i e

Bild 21: Die Rutschung von Combe Chopin: a) Lage (Internet, 2007b), b) Blick auf die Rutschung (Bapst,
2002).

Zur Uberwachung des Langzeitverhaltens der Wand wurden geodétischen Messungen, so wie TRIVEC
Messungen in der Bohrpfahlwand durchgefiihrt. Die TRIVEC Messungen der Wand erlauben eine
Verschiebungsmessung in alle drei Achsen und mit Hilfe der Wandverschiebung und Ankerkréafte eine
Abschéatzung der Wandbelastungen.

5.1.2 TRIVEC Messungen

Bei der TRIVEC Sonde handelt es sich um ein portables Gerat, das die Messung drei zu einander
orthogonal stehenden Verschiebungsvektoren mit einer hohen Genauigkeit erlaubt (Bild 22a). Mit dem Gerat
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lassen sich direkt die axiale Dehnung, so wie die Neigungswinkel in zwei zu einander orthogonal stehende
Ebenen messen (Koeppel et al, 1983).

a) b) Verschiebungen [mm]
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Haspel ‘ | | . |
I 1V 1
_Kabelrolle \
\ g
Nach dem Spannen k r 3
der Anker A5\
Sonde =
‘\
—--18. Feb. 02 6\‘f
---- 14. Dez. 05 1
— 03.Aug. 06 !
81
SDC (Solexperts i
Data Controller) - Datenerfassungs- hangseitig 1 talseitig
Messmarke gerat 10

Bild 22: TRIVEC Messungen: a) das Messgerédt (SOLEXPERTS, 2007), b) TRIVEC Messungen in der
Bohrpfahlwand bei Combe Chopin.

Die ersten Messungen der Bohrpfahlwand nach dem Spannen der Anker hat eine Verschiebung der Wand
Hang aufwérts gezeigt (Bild 22b). Die Messungen in den darauffolgenden drei Jahren bis zum Dezember
2005 haben ebenfalls eine Zunahme der Verschiebungen Hang aufwérts ergeben. Wurde nun der Hang
oberhalb der Wand stabilisiert? Oder haben Kriecheffekte im Boden hinter der Wand zu einer Zunahme der
Verschiebungen Hang aufwarts gefihrt? Die Messungen im August 2006 zeigten jedoch, dass sich die
Verschiebungsrichtung geédndert hat und die Verschiebungen nun wieder talwérts gerichtet sind (Bild 22b
ausgezogene Linie). Da Messungen der Ankerkrafte in demselben Zeitraum jedoch keine Abnahme der
Ankerkrafte gezeigt haben, kann diese Anderung der Verschiebungsrichtung nur durch eine Druckzunahme
vor der Wand erklart werden. Eine erste Betrachtung der Messungen aus dem Herbst 2008 bestéatigen, dass
sich die Verschiebungsrichtung geédndert hat. Weitere Messungen im Jahre 2009 sollen zeigen, ob sich die
Tendenz der Verschiebungsgeschwindigkeit fortsetzt.

5.1.3 Model zur Berechnung

Zur Berechnung der Langzeitstabilitdt des Hanges wurde das Modell aus den Berechnungen des Brattas
Hanges in St. Moritz angepasst (Bild 20). Die Rutschung wird nun am Fuss nicht mehr durch eine
unverschiebliche Wand gehalten, sondern von einer flexiblen Wand gestutzt. Da nach dem Bau der Wand
die Anker gespannt werden und der so aufgebrachte Druck grésser sein kann als der Erdruhedruck vor der
Wand, kann sich der untere Teil sogar Hang aufwarts bewegen. Trotz alledem bewegt sich der obere Teile

der Rutschung noch immer talwérts. Dadurch befindet sich oberhalb der Wand eine Stelle L,, wo die

Verschiebungsgeschwindigkeiten zum Zeitpunkt ¢ Null sind. Womit sich das Problem in zwei einzelnen
Teilen betrachten lasst.
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Das Kraftegleichgewicht der sich bewegenden Schicht im oberen Teil wird gebildet aus den
Scherspannungen 7 auf der Gleitschicht, der mittleren effektiven Spannung p' in der gleitenden Schicht

und dem effektiven aktiven Erddruck p', beim Anrissgebiet:

L
p'(x,t)H+I’c(x,t)dxzy,H(L—x)sinow p,H fir Lo<x<L (5.1a)

X

In der oben stehenden Formel bezeichnet ¥, das totale Raumgewicht des Bodens; & die mittlere

Hangneigung; L und H die Lange bzw. Breite der Rutschung.

Das Kréftegleichgewicht des unteren Teiles des Hanges bezieht sich auf die Scherspannungen 7 (die
immer entgegen der Bewegungsrichtung agiert) auf der Gleitschicht, der mittleren effektiven Spannung p' in

der gleitenden Schicht und dem Erddruck p', vor der Wand.

p’(x,0)H + IT(x,t)dx = p,H —y,Hxsino fir 0<x<1L, (5.1b)

0

In den Fromeln 5.1a und 5.1b wird der effektive Erddruck verwendet mit der Annahme, dass der
durchschnittliche Porenwasserdruck entlang des Hanges konstant ist: u(x,fr) =u(t), d.h. dass die

Grundwasserstrémung parallel zur Hangneigung erfolgt, oder keine verbundenen Grundwasserspeicher
vorhanden sind.

Die Stelle, wo die Geschwindigkeit Null ist, lasst sich finden, indem in beiden Gleichungen (5.1a und 5.1b) x
durch L, ersetzt wird und diese anschliessend nach der Spannung p'(L,,t) auflést. Dadurch ergibt sich

die folgende Gleichung:

L L
J‘C(x,t)dx - J‘C(x,t)dx =v,HLsina.—(py — p,, JH (5.2)
L, 0

Um die Gleichungen 5.1a und 5.1b in einer Vorwartsrechnung des dazugehdérigen Randwertproblems zu
I6sen, missen die Ausdriicke T(x,t) und p'(x,t) der Gleichungen durch die folgenden rheologischen

Stoffgesetze ersetzt werden:

T(x, t) =7, + 77,5(x, t) (5.3a)
p(x,t)= Ee(x,t)+7]p (e,€)é(x,1) (5.3b)

Somit fihrt uns die Lésung der Gleichungen 5.1a und 5.1b zu den Verschiebungen 5(x,t), Dehnungen
8(x,t) und dem Erddruck p'(x,t), womit sich das Verhalten der Rutschung Voraussagen lasst. Dabei stellt

E den elasto-plastischen (wahrend der Belastung) Modul des Bodens; T, die Restscherfestigkeit der
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Gleitflache dar, 77, und ﬂp(é‘,é‘) stehen fir die viskosen Koeffizient der Scherspannung bzw. der

Normalspannung. Es wird angenommen, dass die Scherfestigkeit mit zunehmender Geschwindigkeit
zunimmt, was durch Experimente an natirlichen Béden gezeigt wurde (z.B. Skempton, 1985). Die Steifigkeit
des Bodens in der Rutschmasse wird ebenfalls als geschwindigkeitsabhdngig angenommen. Weil die
Geschwindigkeiten einer am Fuss gestitzten Rutschung langsamer sind als einer ungestltzten, kann
angenommen werden, dass der Porenwasseriberdruck genliigend Zeit hat um sich abzubauen, wodurch die
Zeitabhangigkeit der Verschiebungen nur vom viskosen Teil des Bodens bestimmt wird.

Der Nachteil in der direkten Vorwértsrechnung liegt darin, dass beobachtete Verschiebungen nicht in die
Berechnung einfliessen. Die Inhomogenitét des Bodens, so wie die Versuchsdurchflihrung zur Bestimmung
der Bodenparameter mit Hilfe von Labor- bzw. Feldversuchen, fihrt zu einer grossen Unsicherheit der so
gewonnen Bodenparameter. Dadurch kommt es oft zu erheblichen Unterschieden zwischen dem
beobachteten und dem vorausgesagten Verhalten. Hier kann die Rickrechnung von Bodenparameter aus
dem beobachteten Verhalten zu Hilfe kommen. Dies zahlt insbesonders flr die Voraussage des Verhaltens
eines Rutschhanges, das nicht allein auf Untersuchungen an einzelnen Bodenproben gemacht werden kann.
In einem solchen Fall liefert die Rickrechnung verlasslichere Parameter. Jedoch sollte auch die so
gewonnen Parameter kritisch betrachtet und teilweise deren Plausibilitdt durch Versuche erdrtert werden.
Zur Uberpriifung der Langzeitstabiliit des Hanges bei Combe Chopin wurde die Methode der Riickrechnung
angewendet und in den folgenden Abschnitten dargelegt.

5.1.4 Funktion der Kurvenanpassung

Um die Berechnung etwas zu vereinfachen, wird die folgende analytische Funktion zur Kurvenanpassung

der gemessenen und normalisierten Verschiebungen 3()7,t)=5(x,t)/(L—L0) im oberen Bereich der

Rutschung Ly < x < L vorgeschlagen:

(1) =38, (15, (1) =xla—bx)i— <)), wobe 0<bla<05;:c>0 (5.4)

Hier steht x flr die normalisierte Stelle der Vermessung x =(x—L;)/(L—L,). Mit dieser Funktion

werden Verschiebungen beschrieben, die an der Stelle L, Null sind und monoton (falls 0 < b/a <0.5) bis

zum Anrissgebiet ansteigen (Bild 23a), wahrend die Verschiebungen mit der Zeit abnehmen bis sie
asymptotisch auf eine Endverschiebung zulaufen (Bild 23b). Diese Funktion wurde bereits von Puzrin und
Sterba (2006) fur die Stabilitdtsberechnung des Brattas Hanges bei St. Moritz vorgeschlagen.

M@ ' )

bla=0.5

a—b bla=0

_ 0
0 X 1 cly ct ctop+5

Bild 23: Normalisierte Verschiebungen fiir die Kurvenanpassung in Raum a) und Zeit b).
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Bei der Funktion 5.4 handelt es sich um eine relativ einfache Formel, die aber trotzdem gentigend Flexibilitat
zeigt, um sich an die gemessenen Verschiebungen in Raum (Parameter a and b) und Zeit (Parameter c)
anzupassen.

In der Tat stellt diese Funktion die exakte Lésung des Randwertproblems (Formeln 5.1-5.3) fir den Fall

N =0 und T]p(e,é)znp = const dar. (z.B. falls die Scherfestigkeit geschwindigkeitsunabhangig ist und

die Viskositat der sich bewegenden Schicht linear ist.) In diesem Fall kénnen die Koeffizienten aus der
Gleichung 5.4 direkt in Bezug zu den Modelparametern gesetzt werden:

. P(L Lo) - :
— b= — a—-T — )
a p =7, sn r/H c= (5.5)

wobei L sich mit Hilfe der Gleichung 5.2 herleiten Iasst:

Lo_pé—p&—ﬁL

= 5.6
2(y, sinat—p) 5.6

Hieraus folgt, wenn der Erddruck vor der Wand p( konstant iber die Zeit bleibt, bewegt sich die Stelle mit
der Geschwindigkeit Null L nicht. Womit sich in diesem Fall die exakte Lésung fiir die normalisierten

Verschiebungen S(?c,t): S(x,t)/lﬂ im unteren Bereich der Rutschung (0 < x < L)) berechnen lassen:

8(5.1)= 8, (15, (1) = xla— ')t — <) 57)

wobei x = (x— lo)/LO ; die Koeffizienten a und c sind identisch mit jenen aus der Gleichung 5.4; hingegen

muss b durch b’ wie folgt ersetzt werden.

,:bytHsinocM;r
Y:Hsino—1,

b (5.8)

Folglich ist die Verschiebung der Wand (an der Stelle x =0 und x = —1) Hang aufwérts gerichtet und nimmt
mit dem Verlauf der Zeit zu:

80(1)=—Lo(a+ )1 —e7cl=0)) (5.9

In Wirklichkeit kann die Hypothese des sich nicht &ndernden Drucks p nicht gehalten werden. Die

Beziehung zwischen dem Druck und den Verschiebungen bei der Wand wird durch folgende Gleichung
beschrieben:

Apo = KA80 (5.1 0)

Wobei K in der Gleichung flr die Wandsteifigkeit steht. Nehmen die Verschiebungen Hang aufwérts zu,
muss der Druck, der auf die Wand wirkt, abnehmen. Aus der Gleichung 5.6 ist ersichtlich, dass diese

Abnahme des Drucks zu einer Abwartsbewegung der Nullgeschwindigkeits-Grenze L, flhrt. Daraus folgt,

dass die Gleichung 5.7 nicht die exakte Lésung unseres Problems im unteren Teil darstellt. Trotz allem kann
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die Gleichung 5.4 fiir den Fall der Geschwindigkeitsunabhangigkeit der Scherfestigkeit (1, =0) als exakte
Lésung des Problems im oberen Teil verwendet werden. Vorausgesetzt die Position der
Nullgeschwindigkeits-Grenze L (t) ist zu jedem Zeitpunkt bekannt. Diese Stelle ( L, (?) ) kann durchaus auf

einen negativen Wert zulaufen (Nullgeschwindigkeits-Grenze unterhalb der Wand).

5.1.5 Riickrechnung

Da die Scherfestigkeit in Wirklichkeit Geschwindigkeitsabhéngig ist (77, # 0), besteht die Mdglichkeit, dass

die Nullgeschwindigkeits-Grenze L, die Wand erreicht und danach der Erddruck vor der Wand wieder
zunimmt. Der Erddruck vor der Wand kdnnte mit der Zeit sogar den Wert des passiven Erddrucks erreichen,
was dann zu einem ,Uberfliessen* der Wand fiihrt. Wir nehmen nun an, sobald die Nullgeschwindigkeits-
Grenze die Wand erreicht (L, (t, —t) = 0), sich diese Grenze nicht mehr bewegt, womit das Verfahren zur
Rlckrechnung der Hangstabilitdt nach Puzrin und Sterba (2006) anwendbar ist.

Die Sicherheit der Langzeitstabilitit kann als Verhéltnis zwischen dem Widerstand des Bodens (passiver

Erddruck) und dem maximalen Erddruck, der sich auf Grund der Abnahme der Scherfestigkeit mit der Zeit
vor der Wand aufbauen kann, definiert werden:

Py _ Pp

F = V4 - 7 —_—
p'(0,0) pl +pL

N

(5.11)

Wobei die Werte des effektiven aktiven und passiven Erddrucks in einem Hang nach Chu (1991)
folgendermassen berechnet werden kdnnen:

{I;f} :%7/’H cos a[l +2tan’ ¢, F 2\/(1 +tan” ¢, Xtan2 ¢, —tan’ a')] (5.12)
p

In der Formel nach Chu (1991) stehe ¢; und ¥ fir den effektiven maximalen Reibungswinkel bzw. fiir das
effektive Raumgewicht des Bodens der Rutschmasse. Bevor der Erddruck vor der Wand wieder

zugenommen hat, lasst sich der Parameter p mit der Gleichung 5.5 und der Kurvenanpassung aus der

Gleichung 5.4 an die gemessenen Verschiebungen berechnen.

’

p= Pa (5.13)

(a/26-1)(L- L)

Die Definition des Sicherheitsfaktors der Geleichung 5.11 zeigt ein Versagen auf, so bald F, <1 ist. Im Fall

des Versagens lasst sich nach Puzrin und Sterba (2006) der Versagenszeitpunkt wie folgt abschéatzen:

A 7 ’
tf =1y +lh‘l PO/PP

P ) Y 19
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Hier steht Apf) fir die Zunahme des Erddrucks vor der Wand wahrend dem Zeitraum Atr. Mit & wird der

Zeitpunkt der ersten Erddruckmessung bezeichnet. Diese Anderung des Erddrucks vor der Wand kann mit
Hilfe der TRIVEC Messungen berechnet werden.

5.1.6 TRIVEC Messungen

Die Druckénderung Ap(, im Zeitraum #( bis fy + Ar kann aus einer Riickrechnung der Anderungen in der

Biegelinie der Wand ABO(z) mit der dazugehdrigen Differentialgleichung und unter der Hilfenahme der

TRIVEC und der Ankerkraftmessungen erfolgen.
Als Alternative zu diesem doch eher komplexen Problem kann das folgende Vorgehen angesehen werden.

Zu einem friihen Zeitpunkt, so lange die Nullgeschwindigkeits-Grenze L noch nicht die Wand erreicht hat

(so lange der Druck vor der Wand noch abnimmt.) folgt aus den Gleichungen 5.6 und 5.5:

ALy =2(y, sina.— p)AL, (5.15)

ALy ist die gemessene Anderung der Nullgeschwindigkeits-Grenze zwischen den Zeitpunkten 7 und

t + At . Die mittlere Verschiebung der Wand wahrend demselben Zeitraum wird mit den TRIVEC Messungen
wie folgt ermittelt.

1 H
ABy = £ A8 (2)dz (5.16)

Mit der Gleichung 5.10 lasst sich nun die Wandsteifigkeit berechnen:
K = Ap(/Ad (5.17)

Nach dem der Erddruck vor der Wand wieder ansteigt, wird die vorher berechnete Wandsteifigkeit
zusammen mit der durchschnittlichen Wandverschiebung im Zeitraum ¢y bis t; + At aus der Gleichung 5.16
in die Gleichung 5.10 eingesetzt. Daraus ergibt sich dann der fir die Berechnung der Langzeitstabilitat
(Gleichung 5.14) erforderliche Zuwachs des Erddrucks vor der Wand Ap(, wéhrend dem Zeitraum f bis

o+ At .
5.1.7 Analyse der Stabilitat

Angenommen alle folgenden Verschiebungsmessungen wéren in Raum und Zeit bekannt: 5(xi,tj), wobei

i=1,...,N; j=1,...,M ; Nund M stehen flr die Anzahl Messungen in Raum und Zeit; entsprechend wére
Xy der oberste auf der Rutschung gemessene Punkt. An jeder Stelle i werden die Anfangsverschiebungen
zum Zeitpunkt t, Null gesetzt (S(xi ,0)= 0 anjeder Stelle i =1,...,N).

1. Bestimmen der Nullgeschwindigkeits-Grenze l{)j = l{)(tj), fur jeden Zeitpunkt j=1,...,M .
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2. Fur jeden Zeitpunkt j=1,...,M aufzeichnen der normalisierten gemessenen Verschiebung
Vi =5(xi,tj)/5(xN,tj), i=1...,N; gegenlber  der normalisierten  Messstelle
xlf = (xl- —LO)/(xN —l{)). Bestimmung des Koeffizienten kj =b/a durch Anpassen der

folgenden Funktion an die aufgezeichneten Werte:

L;—k:x
y=x—L (5.18)
Li—k;

wobei L} = (L— Ly )/(XN - LOj) fur die normalisierte L4nge der Hangrutschung steht.

3. Berechnung des maximalen Erddruckzuwachses zum Zeitpunkt j mit Hilfe der Faktoren k; und dem
effektiven aktiven Erddruck nach Gleichung 5.12:

2k ;i p.
— JFPa
D= (5.19)
U (T ey
4. Berechnung des Parameters p :
M 2k : p!
— — . — j¥Pa
p=2p- M , wobei p; = (5.20)
et il J -2k - L)

5. Berechnung des Sicherheitsfaktors nach Gleichung 5.11: Falls F, > 1 ist die Stabilitat gewéhrleistet,

falls F; <1 ist die Stabilitat nicht gewahrleistet.

6. Abwarten des Zeitpunktes f; bei dem die Nullgeschwindigkeits-Grenze die Wand erreicht Ly, =0.

Aufzeichnen der normalisierten gemessenen Verschiebungen
wi = (S(xi,tj)—ﬁ(xi,tk))/(5(xl-,tM)—S(xl-,tk)), far i=1,...,N; j=k,...,M gegenlber t,.

Anpassen der folgenden Funktion an die aufgezeichneten Daten durch Variation von c:

1—exp(-c(t—1;))

— (5.21)
1—exp(~clty —1¢))
7. Falls F, >1, Berechnung der Endverschiebung an jeder Stelle i =1,...,N mit der Formel:
Bur (1) = Bl ) - 20tag )00 1) 522

1—exp(=clty —11))
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8. Falls F, <1, Verwendung der TRIVEC Messungen nach Kapitel 5.1.6 zur Berechnung der

Erddruckzunahme vor der Wand Ap(') wahrend der Zeitspanne Af. Anschliessend Berechnung des

Versagenszeitpunktes mit der Gleichung 5.14.
5.1.8 Anwendung auf die Rutschung von Combe Chopin

Es soll hier noch einmal festgehalten werden, dass zum Zeitpunkt des Erstellens des Berichtes die
Messdaten unvollstandig waren und eine klare Aussage erst noch der Vervollstindigung der Messdaten
gemacht werden kann. Nichts desto trotz wird das in den vorangegangenen Abschnitten vorgestellte
Verfahren mit einzelnen Annahmen auf die noch aktive Rutschung von Combe Chopin angewendet.

Die folgenden Parameter fiir die Rutschung bei Combe Chopin wurden nach Bapst (2002) und Bisetti (2002)
verwendet: H=5m, L=90m, y'= 20kN/m’ and «=27°. Der effektive Reibungswinkel der

Héchstscherfestigkeit der sich bewegenden Schicht wurde nach Bisetti (2002) mit ¢; =30" angenommen.
Daraus folgt nach der Gleichung 5.12 fiir den effektiven aktiven Erddruck p/ = 46.32kN /m* bzw. fur den
effektiven passiven Erddruck p', = 102.18kN /m” .

Far die Berechnung der Langzeitstabilitat wurde die Funktion aus der Gleichung 5.4 in die gemessenen
Verschiebungen eingepasst. Ein Beispiel einer solchen Anpassung Uber kj =b/a fir die gemessenen

Verschiebungen im Marz 2003 sind in Bild 24a dargestellt. Die nun daraus resultierenden Werte fir p aus

der Gleichung 5.13 variieren zwischen 0.13 und 0.97 kN/m®, woraus sich ein Sicherheitsfaktor zwischen 0.8
und 1.8 berechnen lasst. Um diesen weiten Bereich etwas einzuengen waren weitere Messungen
notwendig. Unterdessen werden wir die Annahme von einem Sicherheitsfaktor um 0.9 und dem

dazugehdrigen p = 0.75kN/m3 weiterverfolgen und den hierfir mdglichen Versagenszeitpunkt berechnen.
Der Standort der Nullgeschwindigkeits-Grenze wurde 2002 ca. 5m oberhalb der Bohrpfahlwand lokalisiert.
Im Dezember 2005 hatte sie bereits die Bohrpfahlwand erreicht(Ly =0) wie die Messungen mit der

TRIVEC Sonde gezeigt haben (Bild 24b). Die Messungen zeigen eine deutliche Anderung der
Verschiebungsrichtung nach dem Dezember 2005 (Bild 24Db).

Mit der Annahme einer linearen Abnahme der Distanz der Nullgeschwindigkeits-Grenze L zur Wand, lasst

sich fir den Zeitraum Juni 2005 bis Dezember 2005 ALy =0.697 m berechnen, womit aus Gleichung 5.15

eine Druckanderung von Ap'():11.62kN/m2 erfolgt. Zur selben Zeit betrug die mittlere

Wandverschiebung Ad, =0.285 mm . Setzt man diese Angabe in die Gleichung 5.17 ein ergibt sich eine

Wandsteifigkeit von K =40.85 MN/m?>.
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Bild 24: a) Kurvenanpassung im Raum der gemessenen Verschiebungen bei Combe Chopin nach der
Gleichung 5.4. b) Anderung der Wandverschiebungen der Bohrpfahlwand bei Combe Chopin mit Hilfe
von TRIVEC Messungen durch die Firma Solexperts.

Die mittleren Verschiebungen der Wand betrugen zwischen Dezember 2005 und August 2006 0.674mm
zusammen mit der vorgangig berechneten Wandsteifigkeit ergibt sich eine Erddruckzunahme vor der Wand

von Ap'o=27.54kPa in einem Zeitraum von 230 Tagen. Fir den Koeffizient von c in der Gleichung 5.14

nehmen wir ¢ =1x107° Ta‘tgen'1 an, was es durch weitere Messungen noch zu tberprifen gilt. Werden nun

all diese Werte zusammen mit einem Sicherheitsfaktor von F; =0.9 in die Gleichung 5.14 eingesetzt, ergibt

sich ein Versagenszeitpunkt um den Herbst 2012. Das Versagen in der Form vom ,Uberfliessen der
Bohrpfahlwand stellt jedoch kein Problem fir das Bauwerk dar, da schon wéhrend der Planungsphase an
ein moégliches Versagen in dieser Form gedacht wurde.

5.1.9 Zusammenfassung Combe Chopin

Wird versucht eine aktive Hangrutschung mit Hilfe einer verankerten Wand zu stabilisiert und ist der durch
die vorgespannten Anker auf den Boden vor der Wand aufgebrachten Erddruck grésser als der vorgangig
vorhandene, ist es mdglich, dass sich die Wand Hang aufwarts bewegt. Dies kdnnte nun zum Schluss
verleiten, dass mit Hilfe der Wand der gesamte Hang stabilisiert wurde. In Wirklichkeit kénnen die
Bewegungen der Wand Hang aufwérts nur von temporarem Charakter sein und sich die Richtung der
Bewegung im Verlauf der Zeit andern, womit auch der Erddruck vor der Wand wieder zunimmt. Dies kann zu
einem passiven Versagens des Bodens vor der Wand filhren, was sich in einem ,Uberfliessen* der Wand
bemerkbar macht. Das hier vorgestellte Verfahren mit Hilfe von geodatischen und TRIVEC Messungen
erlaubt eine Abschétzung eines solchen Versagens schon zu einem friheren Zeitpunkt. Die aktive
Rutschung bei Combe Chopin wurde hier vor allem zur lllustration des Problems benutzt, da eine definitive
Aussage in diesem Fall noch nicht méglich ist. Zuséatzliche Messungen sollen hier Abhilfe schaffen.
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5.2 Berisal-Ganter (VS)

Die markante Ganterbriicke, die den Ganterbach Uberspannt, gehért zu der Simplonnordrampe und
verbindet die Schweiz via Simplonpass mit Italien.

Bild 25: Kriechhang am linken Ufer des Ganterbaches (Blickrichtung Westen)

Schon die ersten geologischen und geotechnischen Abklarungen flir das Variantenstudium in den Jahren
1966 bis 1970 durch Lang und Schérer (1970) zeigten, dass sich das Gebiet sidlich des Ganterbaches (Bild
25) bewegt. Um diesen Teil des Hanges nicht zusatzlich zu belasten, wurden die Pfeiler in Schachte gestellt.
Dies geschah einerseits, um einen Massenausgleich zu schaffen, in dem der Aushub der Schachte genau
so viel betragen sollte, wie die Kraft, die spater wieder durch die Stiitzen in den Boden abgeleitet wird.
Andererseits sollten die Schachte die Pfeiler vom Kriechhang abschirmen und eine Mdglichkeit bieten, die
Pfeiler bei zu grossen Verschiebungen wieder nachstellen zu kénnen. Die Schachte sind im Kriechhang
nicht speziell verankert, sondern bewegen sich mit dem Hang. Dies war nétig, da sich ansonsten an den
Schéchten ein so grosser Druck entwickelt hatte, den diese nicht im Stande gewesen wéren aufzunehmen.

Da es unausweichlich war das Bauwerk auf dem sich bewegenden Hang zu fundieren, stellt sich hier die
Frage des Verschiebungsverlaufs mit der Zeit. Weiter soll ebenfalls die Frage eines méglichen passiven
Versagens im Bereich der Kompressionszone (Ganterbach) abgeklart werden. Um diese Fragen genauer zu
errérter wurden im Sommer Sondierbohrungen (Bild 26a und 26b) im Bereich der Kompressionszone
abgeteuft. Mit Hilfe von Inklinometerrohren sollen in diesem Bereich die eher gering ausfallenden
Verschiebungen gemessen werden. Der eigentliche Grund des Einbaus von Inklinometerrohren stellt die
Erddruckmessung und dessen Verlauf mit der Zeit im Bereich der Kompressionszone mit Hilfe des IDM’s dar
(Siehe Kapitel 3.1).
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Bild 26: a) und b) Bohrung an der gegentiberliegenden Seite des Pfeilers 3 der Ganterbriicke

Durch die neuen Messdaten soll ein analytisches und numerisches Modell zur Berechnung der
Langzeitstabilitdt und dem Verlauf der Verschiebungen mit der Zeit erstellt werden.
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5.3 Braunwald

Oberhalb der Gemeinden Linthal und ROti im Kanton Glarus befindet sich die hoch gelegene
Sonnenterrasse von Braunwald (Bild 27). Das gesamte Gemeinde Gebiet ist autofrei und eine Standseilbahn
verbindet die Terrasse, die sich zwischen 1200 und 1700 m 0. M. befindet, mit dem Tal.
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Bild 27: Lage von Braunwald (Internet 2009)

Die sich langsam bewegende Terrasse, abgesehen von einzelnen Abbriichen an der Kante, stellt noch nicht
eine unmittelbare Gefahr fir die Gemeinde Braunwald und die unterhalb liegenden Gemeinden dar, da die
Situation schon seit [Angerem bekannt ist und die Verschiebungsgeschwindigkeiten im Grossen und Ganzen
Uber die Jahre konstant waren. Das hauptsachliche Problem stellt jedoch die Gebrauchstauglichkeit und die
teilweise Zerstérung sensitiver Infrastruktur und die intensive Uberbauung des Gebietes dar. So ergeben
sich zum Beispiel Probleme bei der Braunwaldbahn, bei den Wasserleitungen und bei der Kanalisation.

Falls diese Hangbewegungen gestoppt werden kdnnten, wiirden kostspielige Instandsetzungsarbeiten der
Vergangenheit angehdren. Gemass Dr. von Moos AG (2003) betragt der jéhrliche Sachschaden durch die
Hangbewegungen rund eine Million CHF.

Um einen kurzen Uberblick Giber die Geschichte und die bereits getatigten Arbeiten im Gebiet Braunwald zu
geben wird hier ein Abriss der neueren Geschichte nach Gallusser (1981) wiedergegeben:

Bereits 1932 mussten bei der Bergstation der Braunwaldbahn, wie auch in einzelnen Dorfteilen, gréssere
Sanierungsmassnahmen getroffen werden. Diese Massnahmen bestanden aus der Erstellung von
Entwésserungsstollen. Bei der Neuvermessung 1954 wurde bei den Triangulationspunkten aus dem Jahr
1925 festgestellt, dass sich die ganze Terrasse von Braunwald talwarts bewegt hatte. Darauf wurde im Jahre
1954 aufgrund weiterer Gelandebewegungen von politischer Seite der Wunsch geaussert, die
Entwésserungskorporation Braunwald zu griinden. Ein Sanierungsprojekt, das eine grossflachig angelegte
Oberflachenentwasserung vorsah, wurde 1971 nicht ausgefiihrt, da die Niederschlagsmengen zu gross und
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der Boden in vielen Gebieten zu durchlassig fiir eine effiziente Oberflachenentwésserung gewesen wére. Bei
einer grossen Rutschung, die sich 1979 ereignete, stiirzten einige Tausend Kubikmeter Erdmasse ins Tal.
Seit den 80er Jahren sind Untersuchungen betreffend der Hangstabilitdit und dem Kriechverhalten von
Braunwald am Laufen.

Die detaillierte geologische Beschreibung des Gebietes bei Braunwald kann Schindler (1982) entnommen
werden. In einer vereinfachten Betrachtungsweise kann die Geologie in eine flach geschliffene
Felsoberflache mit darlber liegender hart gelagerten und unverrutschten Grundmordne und das ganze
{iberlagert von einer Rutschmasse gegliedert werden. Hierbei liegt der Rutschhorizont nicht im Ubergang
von Fels zu Lockergesteinsmasse, sondern innerhalb der Schuttmasse selber. Der Rutschhorizont besteht
aus einem so genannten ,Blue Clay”, einem Ton der aus der Verwitterung der anstehenden Gesteinsmasse
entstanden ist.

In den Bilder 27 und 28a ist das steile Felsbord unterhalb Braunwald mit vielen Bachlaufen erkennbar. Das
Rutschgebiet Iasst sich durch folgende Gréssen charakterisieren:

e Lé&nge: 500 —1500m

e Breite: rund 2000m

e Flache: rund 3km?

e Mittlere Neigung 12-13° (Hang aufwéarts abflachend)

e Lage Rutschhorizont ab OKT =~ 15-40 m (+)
(Bergseitig zunehmende Rutschmasse)
e Boden im Rutschhorizont Blue Clay

Aufgrund der beobachteten Verschiebungen kann eine Einteilung geméass Schindler (1982) in drei Bereiche
gemacht werden (Bild 28a):

Der unterste Bereich im Steilbord mit einer Lange von rund 200 m =zeigt die hochsten
Bewegungsgeschwindigkeiten (mit Extremwerten Gber 10 cm/Jahr). Oberhalb von diesem Bereich liegt ein
Gebiet mit mittleren Geschwindigkeiten (2 — 6 cm/Jahr mit wenigen schnelleren Phasen), gefolgt vom
obersten Bereich mit den niedrigsten Geschwindigkeiten (bis 2 cm/Jahr).

Diese Abfolge von Bereichen unterschiedlicher Geschwindigkeiten kann mit der nach oben gewdlbten
Basisgleitflache erklart werden. Durch diese Form ist die Neigung am talseitigen Ende mit Abbruchbord der
Rutschung grésser als bergseitig.
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Bild 28: a) und b) Schematische Darstellung des Rutschgebiets und Geologisches Querprofil Braunwald,

nicht Gberhéht (Schindler, 1982)
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Zur Erkundung der Geologie und um Bodenproben fiir Laborversuche zu entnehmen wurden insgesamt 34
Bohrungen im Kerngebiet von Braunwald abgetduft, zusatzlich wurden Inklinometer und Piezometer
eingebaut: 1980 wurden 6 Bohrungen, 1982 in einer grossen Kampagne 10 Bohrungen, 1983 3 Bohrungen,
1985 2 Bohrungen (zusétzlich Installation eines Tiefentwdsserungssystems) und 2002 in einer zweiten
grossen Kampagne 13 Bohrungen durchgefihrt. Bergseitig im oberen Teil der Rutschung ausserhalb des
Siedlungsgebiets wurden keine Messinstrumente installiert.

In einem Sanierungsprojekt wurde 1985 im Dorfbereich Grantenboden das bereits erwéhnte
Tiefentwasserungssystem von rund 200m Lé&nge eingerichtet. Zu diesem Bauwerk gehért auch der
Hauptschacht Grantenboden, der den Verschiebungen des Hanges nicht standhalten konnte. Dies dusserte
sich im Bruch von Versteifungsringen, so wie einer Kombination von Schub- und Biegerissen in den Pfahlen
(Dr. Von Moos AG, 2003). Ebenfalls die Pressstollen, die das Wasser zum Hauptschacht leiten, haben in
einigen Abschnitten starke Schéden erlitten und wurden im Oktober und Dezember 2002 mit Stahlringen
gesichert (Dr. Von Moos AG, 2003). Dieses Beispiel zeigt deutlich, dass Massnahmen mit steifen
Konstruktionen, die durch den Rutschhorizont hindurch fihren, Uber kurz oder lang abgeschert und
beschéadigt werden.

5.3.1 Durchgefiihrte Versuche

Im Rahmen der Untersuchung des Kriechhanges von Braunwald wurden und werden noch zahlreiche
Laborversuche an Bodenproben durchgefihrt. Zur lllustration werden im Folgenden Resultate der Probe 2
gezeigt.

Die Probe 2 wurde in einer Tiefe von rund 13 m ab OKT aus dem Hauptschacht entnommen. Aufgrund der
Lage der versteifenden Betonringe des Hauptschachts musste fir die Enthahme schrag nach oben gebohrt
werden.

Bild 29: Ausgestossene Probe 2 (Villiger, 2008)

Die Probe wurde bis zur ihrer Verwendung verschlossen im Klimaschrank des IGT ETH Zlrich gelagert. Die
ausgestossene Probe ist in Bild 29 zu sehen.

Das Probenmaterial ist grosstenteils sehr dunkel und weist einige, vor allem im hinteren Bereich br&unlich
verfarbte Stellen auf. Es kann sein, dass durch die schrage Bohrung aus der ,Blue Clay* Schicht heraus
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oder zumindest in eine Ubergangsschicht hinein gebohrt wurde. Der verfarbte Teil wurde fiir die
durchgefiihrten Ringscherversuche nicht verwendet.

Der Wassergehalt der ausgestossenen Probe liegt bei knapp 9%. Die Resultate aus Sieb- und
Schlammanalyse sind in Bild 30 dargestellt. Der grobe Fraktionsanteil ist ziemlich dominant.
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Bild 30: Korngréssenverteilung der Probe 2 als Summationskurve

Die Probe 2 wurde einem totalen Scherweg von 66 mm ausgesetzt, welcher sich auf 32 mm bei 100 kN/m?

und 34 mm bei 200 kN/m? aufteilt.

Wie bei einer normal konsolidierten Probe erwartet sind die Setzungen bei 100 kN/m? Belastung zu
Versuchsbeginn grésser und flachen ab bis ein konstanter Wert erreicht wird. Bei 200 kN/m? zeigen die
Setzungen dasselbe Bild wie in den anderen Versuchen. Zu Beginn des Versuches verhalten sie sich wie zu
erwarten, werden anschliessend aber nicht konstant sondern nehmen weiter zu. Die gemessenen Krafte am
Boden sind im Gegensatz zu 100 kN/m? in der Summe relativ konstant. Die Schwankungen in den einzelnen
Kraftmessdosen kdnnen auf die Unebenheit der Probe zurtckgefuhrt werden.

Der Einfluss der Geschwindigkeit und der Normalspannung kann durch zwei Graphen mit Gruppen jeweils
gleicher Geschwindigkeiten resp. gleicher Normalspannungen aufgezeigt werden. In Bild 31 und Bild 32 sind
diese beiden Darstellungen zu sehen.

Aus Bild 31 ist ersichtlich, dass die Geschwindigkeit einen geringen Einfluss auf die Scherspannung hat, da
die Neigung der Trendlinien unterschiedlich verlaufen. Es ist zu beachten, dass die Steigung der Trendlinie
bei 0.01 mm/min einen grésseren Wert zeigt als bei 0.05 mm/min. Dies kann einerseits darauf zurtickgefihrt
werden, dass die verschiedenen Geschwindigkeiten in denselben Versuchen gefahren werden und
dementsprechend die Scherflache nicht bei jeder Geschwindigkeit gleich ausgebildet ist. Andererseits kann
die Geschwindigkeit von 0.05 mm/min bei gering durchlassigen Bdden schon ausreichen, um
Porenwasserlberdriicke in der Scherfuge auszubilden, was ebenfalls zu einer Abnahme des
Scherwiderstandes flihren wiirde.
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Bild 31: o — 1 Diagramm fiir Gruppen gleicher Geschwindigkeit [mm/min], Probe 2 (Villiger, 2008)

In Bild 32 hingegen ist kein klar erkennbarer Trend eines Einflusses der Schergeschwindigkeit auf die
Scherspannung zu erkennen. Da die beiden Gruppen in unterschiedlichen p-Werten zu liegen kommen, ist
ein Einfluss der Normalspannung nicht auszuschliessen. Die Werte bei 200 kN/m? Normalspannung liegen
tiefer als diejenigen bei 100 kN/m®. Dies konnte dadurch erklart werden, dass die Probe bei 200 kN/m?
bereits einen grésseren totalen Scherweg zuriickgelegt hat als bei 100 kN/m? und der Scherwiderstand am
Sinken war, jedoch noch nicht den residualen Endwert erreichte. Dies hat nur dann einen Einfluss, wenn
durch die langen Scherwege, sowie die mechanische Beanspruchung der Probe durch das Abscheren
einzelne gréssere Partikel zerbrochen werden. Um dies genauer zu untersuchen wurden Versuche an
Proben, bei denen die Fraktionen grésser als 2 mm entfernt wurden, durchgeflhrt.
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Bild 32: u —v Diagramm flir Gruppen gleicher Normalspannung, Probe 2 (Villiger, 2008)

Aus den Steigungen der Trendlinien in Bild 31 kann ein Reibungswinkel im Bereich von 25° bestimmt
werden.

Als Vergleichswert fir den residualen Scherwinkel liegt aus Rageth (1987) ein Winkel von 13° - 14° vor.
Dieser Wertebereich ist mit Vorsicht zu betrachten, da einerseits die Abschergeschwindigkeit der Versuche
unbekannt ist und andererseits der maximale Scherwinkel zu rund 20° bestimmt wurde. Ungewiss ist
ebenfalls, wie die Probe aufbereitet wurde.

Der grosse Unterschied der Scherwinkel kann einerseits durch die ziemlich kurzen Scherwege und
andererseits durch den Einfluss der groben Fraktion erklart werden.
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Versuche an ausgesiebten Proben

Die Versuche der ausgesiebten Fraktion wurden wie die vorherigen Versuche bei 100 kN/m? und 200 kN/m?
aufgebrachter Normalspannung, jedoch nur noch bei den Geschwindigkeiten 0.01mm/min und 0.05mm/min
durchgefuhrt. Aus Zeitgrinden musste die geringste Geschwindigkeit von 0.005mm/min weggelassen
werden.

Der total zuriickgelegte Scherweg betragt 264 mm, welcher sich auf 131 mm bei 100kN/m® und 133 mm bei
200 kN/m® aufteilt. Diese Wege sind einiges langer als bei den Versuchen bei den nicht ausgesiebten
Proben. Dementsprechend konnte beim Ausbau der Probe eine eindeutig ausgebildete Scherflache auf der
Hohe des Ringspaltes des Probenbehalters gefunden werden (Bild 33).

Bei 100 kN/m? Belastung ist das Verhalten der Probe bis rund 40 mm wie zu erwarten. Die gemessenen
Setzungen verhalten sich wie bei einer normal konsolidierten Probe. Bei zunehmendem Scherweg werden
diese aber wieder grésser und auch die Normalspannungen wie die Scherspannungen nehmen zu. Bei 200
kN/m? kdénnen die Setzungen beinahe an den Setzungsverlauf bei 100 kN/m? angehangt werden. Nach rund
100 mm Scherweg bei der grésseren Belastung (200kN/m2) werden die Setzungen konstant. Die Bodenkraft
nimmt mit zunehmendem Scherweg etwas zu und wird zum Schluss konstant. Die Scherspannungen sind
stetig am Fallen und wiirden bei der Fortsetzung des Versuches noch weiter sinken.

Bild 33: Deutlich ausgebildete Scherfldche, Probe 2 < 2mm (Villiger, 2008)

Die Steigungen der Trendlinien in Bild 34 liegen gegenliber den Versuchen an der nicht ausgesiebten Probe
rund 30% tiefer. Dies liegt einerseits am viel langeren Scherweg, der in diesem Versuch zuriickgelegt wurde
und andererseits am Aussieben der Fraktion > 2 mm. Wie gross der Einfluss der einzelnen Ursachen ist,
kann hierbei leider nicht geklart werden. Aus der Steigung der Trendlinien in Bild 34 kann ein Scherwinkel im
Bereich von 20° bestimmt werden. Dieser Wert ist gleich gross wie der maximalen Scherwinkel in den
Versuchen von Rageth (1987). Wie bereits erwahnt, zeigen die gemessenen Werte einen deutlichen Trend
zu geringeren Scherspannungen. Das bedeutet, dass der residuale Zustand im Versuch noch nicht erreicht
wurde. Weitere Versuche an den Proben aus Braunwald und Verbesserungen am Ringschergerat sind
geplant und wurden teilweise bereits durchgefiihrt.
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Bild 34: o — r Diagramm fir Gruppen gleicher Geschwindigkeit, Probe 2 < 2mm (nach Villiger, 2008)

In Bild 34 ist wie bei der unausgesiebter Probe 2 durch die grdssere Steigung der Trendlinie bei héherer
Geschwindigkeit ein Einfluss der Geschwindigkeit auf die Scherspannung zu erkennen. Dieser Einfluss ist in
Bild 35 in den zwei Gruppen kaum erkennbar. Hingegen ist wieder ein Einfluss der Normalspannung
ersichtlich, da die beiden Gruppen nicht dieselben p-Werte zeigen. Folglich ist fraglich, ob nicht auch die
Normalspannung einen Einfluss auf den viskosen Teil ausiibt. Dies bedeutet, dass der viskose Anteil der
Scherspannung ebenfalls spannungsabhéngig ist.
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Bild 35: u — v Diagramm, Probe 2 < 2 mm (Villiger, 2008)

Vergleich der Resultate aus den nicht ausgesiebten und ausgesiebten Versuchen

Werden die Resultate der Versuche an der ausgesiebten Probe und der nicht ausgesiebten Probe
verglichen, fallen die deutlich geringeren Scherspannungen der ausgesiebten Probe auf. Zudem ist das
Setzungsverhalten der nicht ausgesiebten Probe ungleichméssig, was auf den groben Fraktionsanteil
zurlckgefihrt werden kann.

Weitere Versuchsresultate und Uberlegungen zur Auswertung der Versuche kénnen der Projektarbeit von
Villiger (2008) ,Versuche mit dem neuen Ringschergerdt und Anwendung der Versuchsresultate®
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entnommen werden. Desweitern sind Versuche an mechanisch aufbereiteten Probe, was einem unendlichen
Scherweg entsprechen soll, geplant.

5.3.2 Riickrechnung der Stabilitat

Um Sanierungsvorschldge auszuarbeiten und deren Effektivitdt zu Oberprufen sind Bodenparameter eine
unerldssliche Grésse. Da die Bodenparameter jedoch nicht zuverléssig nur aus einzelnen Proben gewonnen
werden koénnen, wird folgendes Vorgehen mit Hilfe einer Ruickrechnung zur Bestimmung der
Bodenparameter vorgeschlagen. Die so gewonnen Bodenparameter sollen anschliessend mit den durch
Laborversuche bestimmten Werten verglichen werden.

Riickrechnung von Bodenparametern aus Feldmessungen

Bei den FE-Stabilitdtsberechnungen werden die in Labor- und Feldversuchen bestimmten Bodenparameter
verwendet. Die Schwierigkeit liegt in der unterschiedlichen Deformationsgeschwindigkeit der Versuche und
der Wirklichkeit. Die Versuche werden bis 100-mal schneller als die tatsachlichen Kriechgeschwindigkeiten
(1 - 10 cm pro Jahr) durchgeflihrt. Deswegen wére es vorteilhaft diese Parameter durch eine Riickrechnung
von tatsdchlichen Kriechbewegungen zu Uberprifen. Dazu wird der gesamte Hang als eine Art
Dehnmessstreifen betrachtet (Bild 36a), so lassen sich folgende Parameter zuriickrechnen (Bild 36b): die

Steifigkeit der kriechenden Schicht E und der Reibungswinkel der Scherflache ¢@'. Hierfur sind nicht nur
Inklinometermessungen, Piezometermessungen und geodatische Messungen nétig, sondern auch die
Messungen von Erddruckanderungen Ap . Diese Erddruck@nderungen zu messen ist jedoch schwierig,

neue Sensortechnologien kénnen hier aber hilfreich sein.

b) Scherfestigkeit:
H
At == (Apy — Apy)

a)

, AT*
tan@, =— AL
Steifigkeit:
_Ap A -G
A€ L
Ap = Ap; ;r Api

Bild 36: a) Model zur Rickrechnung von Bodenparametern, b) Berechnung der Bodenparameter

Dieses System zur Rickrechnung von Bodenparametern soll im Bereich von Braunwald eingesetzt und mit
Bodenparametern aus konventionellen Laborversuchen verglichen werden. Anschliessend soll mit Hilfe von
Modellen die Wirksamkeit von Drainagen im Gebiet Braunwald abgeklart und nétigenfalls optimiert werden.

Ein erster Ansatz solch einer kombinierten Betrachtung der Feldversuche und Laborversuchen wurde
ebenfalls im Rahmen der Projektarbeit von Villiger (2008) fir den Fall Braunwald angewendet. Dabei zeigte
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sich jedoch, dass einige Daten, wie die Piezometermessungen der letzten Jahrzehnte, verschwunden sind
und durch neue Messungen und Messsysteme zu ersetzten bzw. zu erganzen sind. Dies ist bereits
geschehen, wobei diese Daten fiir weitere Uberlegungen beigezogen werden sollen.
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6 Empfehlungen: Strasse-Kriechhang Interaktion

Wird versucht eine aktive Rutschung durch eine kinstliche Barriere aufzuhalten, so ist die Mdglichkeit des
passiven Versagens des Erdkeils vor der Wand zu Uberpriifen und die Wand auf das ,Uberfliessen zu
dimensionieren, wie dies bereits beim Beispiel Combe Chopin geschehen ist. Des Weiteren soll mit Hilfe von
Rickrechnungen der Verschiebungen die Bodenparameter berechnet werden, um den mdglichen
Versagenszeitpunkt voraussagen zu kdnnen. Weiter ist der Einfluss von Extremereignissen (Starkregen,
Erdbeben, usw.) auf den Hang abzuschatzen. Kann ein Uberfliessen der Wand nicht ausgeschlossen
werden, so ist ein genligend grosser Abstand zwischen der riickhaltenden Wand und dem zu schiitzenden
Bauwerk vorzusehen. Dabei muss auch an die Mdglichkeit der Rdumung nach einem Ereignis gedacht
werden.

Das Erstellen von Bauwerken in aktiven Rutschungen stellt eine grosse Herausforderung dar. Hierbei steht
nicht nur der Bau sonder auch die Uberwachung des Bauwerks nach dessen Fertigstellung im Vordergrund.
Dabei kann die neue Technologie der Messung von Dehnungen in Glasfaserkabeln, die in Strassen
eingebaut werden, helfen. Zum Ersten kann damit die Gebrauchstauglichkeit festgestellt werden, und zum
Zweiten liefern die Glasfaserkabel weitere Daten um die Verschiebungen des Hanges und somit die
Lebensdauer der Strasse vorauszusagen. Sei dies nun bei gleichbleibenden Einflissen oder selten
auftretenden Ereignissen.

Ein bis anhin eher nachldssig behandeltes Szenario stellt das passive Versagen des Hanges in seiner
Kompressionszone dar, womit die Stitzung am Fuss des Hanges teilweise wegféllt und die
Verschiebungsgeschwindigkeiten rasch ansteigen kénnen. Dies fuhrt zu einer akuten Gefahrdung aller
Bauten auf und unterhalb des Hanges. Zur Uberpriifung des jetzigen Zustandes und fiir Voraussagen der
Druckentwicklung in dieser Zone ist eine Erddruckmessung unerlasslich. In diesem Punkt soll das neue
Inclinodeformometer Abhilfe schaffen.
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9.1 Inverse long-term stability analysis of a constrained landslide

Puzrin, A. M. and Sterba, |. (2006). “Inverse long-term stability analysis of a constrained landslide”,
Géotchnique, 56, No. 7, 483-489.
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Puzrin, A. M. & Sterba, . (2006). Géotechnique 56, No. 7, 483-459

Inverse long-term stability analysis of a constrained landshide

A M. PUZRIN® and [. STERBA¥*

This paper deals with lomg-term stability analysis of a
constrained landslide. The landslide has ‘nowhere’ to go
and its downhill movement is slowing in time, which
intaitively implies its long-term stability. However, exactly
because the landslide is slowing, the shear strength on
the shiding surface may decrease, leading to increase in
compressive stresses at the landslide foot and, ultimately,
te a failere. The preposed long-term stability analysis of
such a landslide is based on amn inverse analysis, which
allows for the safety factor to be determined solely by
curve-fitting the observed displacement data. For a safety
factor lower than 1, the time of failore can be predicted
using additional earth pressure measurements in the
sliding layer. The proposed procedure is illustrated using
the observation data from the Bratias—% Moritz land-
slide.

KEYWORDS: creep; failure; landslides; shear strength; slopes

Cette étude se penche sur Panalyse de stabilité 3 long
terme d'un glissement de terrain confinég. Le glissement
ne peut s’évacuer nufle part ef son mouvement descen-
dant se ralentit au il du temps, ce qui impliqoe intuitive-
ment sa stabilité & long terme. Cependant, parce que e
glissement se ralentif, la résistance an cizaillement sar la
surface de glissement pewt decreitre, ce qui finit par
augmenter les contraintes compressives au pied du glisse-
ment et, en fin de compte, mener 4 la rupture. Ianalyse
de stabilité a long terme gue nous proposons est basée
sur nne analyse imversée gui permet de déterminer le
factenr sécurité sniquement en faisant la courbe des
données de déplacement observées. Pour un facteur sé-
curité inférienr & 1, e moment de la ropture peut Efre
prédit en wtilisant &’ astres mesures de pression terrestre
dans Ia couche glissante, La procédure proposée est
illustrée en ntilisant les données ohservées sur le ghisse-
ment de terrain Brattas—St Morite,

INTRODUCTION

The long-term stability of slowly moving landslides was a
subject of early interest in soil mechanics (e.g. Terzaghi,
1936; Skempton, 1964; Bjerrmm, 1967). In these and later
studies the analysis focused mainly on progressive failure n
overconsolidated clays, where the failwre 15 delayed in time
by the development of the negative excess pore water
presswe cansad by shearing. As soon as this excess pore
water pressure dissipated, the landslides, which did not have
any kinematic constraints, accelerated and failed. But what
would happen if a landslide did have a constraint, such as a
natural {rock outcrop) or man-made (landslide protection
wall} obstacle, at its bottom end?

This question is not a purely academic one: one such
landslide 1s, in fact, rather famous—the Brattas landslide in
St Moritz, Switzerland—and its stability is of the greatest
concern for the community. The Leaning Tower of St Moritz
(Fig. 1(a)} is probably the most striking evidence of this
landslide. It used to be a part of $t Mawritins Chureh, which
was built in the 12th century and had to be demolished in
1893 in view of inevitable collapse due to enormous differ-
ential settlements. The continuing  displacements of the
tower have been monitored for almost a centry (in 1984 the
tower was partially propped up). A detailed geclogical and
geotechnical description of the landslide and the history of
the tower are presented elsewhere (Schluechter, 1988; Sterba
ef al., 2000). What is of particular interest here is that the
landslide is constrained by the rock outerop along the Via
Maistra (Fig. 1{b)}, where zero displacements are observed
Also, monitoring of the tower displacements before 1984
(Sterba ef al, 2000) and more recent measurements of the
slide displacements (Tschudi & Angst, 1999; Lang & Sterba,
2002) indicate that the slide is gradually slowing down.

Mamseript reveived 18 January 2005; revised manuseript accepled
16 May 2006,

Discussion on this paper closes on | March 2007, for further
details see p. il

¥ Institate for Geotechnical Engineering, Swiss Federal Institute of
Technology (ETHZ), Zurich.
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Intuitively, it is tempting 1 conclude that the landslide will
eventually stop. But is this really the case?

The purpose of this paper is to suggest the mechanisms of

both the safe and fallure scenarios of a constrainad landslide
evolution, and to find, by usmg the monitored displacement
data. a way to distinguish which scenario has a higher
probability. In the safe scenario, the landslide will eventually
stop. In this case, it is important to be able to estimate the
final displacements. In the failure scenario, the landslide will
keep slowing down until the earth pressure at its bottom
exceads the soil resistance and the slope fails catastrophi-
cally. In this case, it is necessary to predict the time of the

future failure. These objectives are achieved with the help of

the inverse analysis procedure developed in this work. It
allows for both the safety factor for long-term slope stability
and the final displacements to be determined solely from the
observed slope displacements. This healps to reduce uncer-
tamties caused by the spatial variability of seil properties.
The time of the failure can then be caleulated using some
additional field measurements. The proposed procedure is
illustrated using selected observation data from the St Moritz
landslide. The proper long-term stability analysis of this
landslide, however, will be performed after additional mon-
itoring and feld test data are acquired.

2. THE CONSTRAINED LANDSLIDE MODEL

The schematic layout of the boundary value problem of a
slowing constrained landslide is given in Fig. 2. Bquilibrinm
of the sliding layer relates the shear stress v on the sliding
surface to the average effective normal stress in the layer,
p', and the effective active earth pressure p; acting at the
top of the layer

L
plix, 5 H -+ J T(x, Odx =y H(L —gisina + plH (1)

x

where p 18 the total umit weight of soil; « is the slope
inclimation; and £ and A are the landslide length and
thickness, respectively. In equation (1) the effective earth
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Horzortal
1~ displacement:
s

Wia L P T . .
Tinus A

Fig. 1. The PBraitas landslide of St Moritz: {a) the Leaning
Tewer; (b) the landslide displacements in the lower 200 m, long-
term survey until 1982 (after Schluechter, 1958)

pressures are used assuming that the average pore water
pressure is constant along the slope: wx, £ = u(f), that is,
either there is a flow parallel to the slope surface, or there is
no connected water.

In a forward boundary value problem equation (1} would
be supplemented with constitutive equations and solved
together in order to obtain displacements d(x, #} and earth
pressures p'(x, #} and to predict the landslide behaviour.
Because the processes in a constrained landslide are slower
than in one that is free to slide, it is assumed that the excess
pore water pressure has enough time to dissipate. Therefore
the time dependence of displacements is due solely to the
viscous properties of soil Several possible constitutive mod-
els can then be suggested (Fig. 3). As can be seen from
equation (1} and Fig. 2, the weight and the active force in
the layer are resisted by the earth pressure in the layer and
the shear stress on the sliding surface. These are schemati-
cally represented in Fig. 3({a} by the elastic spring (with
elastic modulus £} and the slip element (with slip stress .}
respectively. This simple model is time-independent. In order
to introduce time dependence one could, for example, add a
viscous dashpot to the system. One possibility would be to
assume that all viscous processes (i.e. the secondary com-
pression} talce place only within the soil layer, while on the
sliding surface the shear strength has reached its residual
value 7;, which is constant in time. In this case, the dashpot
should be added in parallel to the spring (Fig 3(b}}. In a
more complex model, however, it can be assumed that the
shear strength on the sliding surface is also time dependent.
In this case, an additional dashpot should be added in
parallel to the slip element (Fig. 3(c)).

The disadvantage of the forward approach is that it does
not talce the observed slope displacements into account. The
spatial variability of soil properties results in high levels of
indeterminacy in constitutive models and their parameters
obtained in laboratory tests. This often causes large discre-
pancies between the calculated and observed behaviour. In
contrast to the forward approach, mverse amalysis of the
problem would allow for the material properties to be bacl-
calculated directly from the observed displacements. This
would account for the global slope hehaviour, as opposed to
the behaviour of the locally extracted scil samples, and
would provids a more reliable basis for future predictions.
The purpose of this paper is to develop such an approach.

In order to simplify the analysis, the following analytical
function is proposed to fit the observed normalised displace-
ments data 3(%, ¢} = d(x/L, £}/L.

31z, & =8[58 (5 =xla BTl e =) (2)

where 0 = Ala = 0-5; ¢ = 0 and X =x/L. This function
describes displacements that are zero at the landslide foot
and increase monotonically (when 0 = A/z < 0-5} along the

V ]
7/ -
Wt g,
g 7]
v

£

]
Fig. 3. Sehematic layoot of the constitutive bebavivur: {a) time independent; (b) visceelastic-purely plastic

(VEFF); () viscoelastic-viscoplastic (VEVF)
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slope towards its crest (Fig. 4(a)}, while slowing with time
and approaching an asymptotic value (Fig. 4(b)).

Equation (2} is simple, and yet provides sufficient flex-
ibility to fit the observation data in both the space domain
(parameters a and 5} and the time domain (parameters ¢ and
dy. In fact, as will be shown below, this fanction also has a
certain theoretical background. In the following two sections
we use this function to back-calculate the material para-
meters of the two constitutive models outlived in Figs 3(b}
and 3¢c) respectively.

3. THE VISCOELASTIC PURELY PLASTIC (VEPP}
MODEL
It is first assumed that all viscous processes take place
only within the soil layer, while on the sliding swface the
shear strength has reached its residual value 7,, which 18
constant in time. In this case, the dashpot is added in
parallel to the spring (Fig. 3(b)), resulting in the following
viscoelastic and purely plastic constitutive equations.

P{x 1) = Eel 1) 4 el ) (3a)

x, =1 (3b}

where e(x, ) = J3(x, £}/Ox is the average linear strain over
the layer thickness; 7, 1s the viscosity coelficient of the soil
in the layer; & ia the elasto-plastic (loading) modulus of the
soil; and ¥, is the residual shear strength of the soil on the
sliding surface. Substitution of equation (3b) into equation
(1} vields the following expression for the earth pressure p'.

pix 8= (yf sin o - Z,) (L—x}+ m (4}
/

As can be seen, the earth pressure is time ndependent.

_ fHla — -5
B
a-h a0
o] X 1
&
5,
0 g
d ol d+5
(B

Fig. 4. Mormalised functions for curve-fitting of slope displace-
ments: (a) in space; (b) in time

Therefore, according to the adopted model, if the slope is
currently stable, its long-term stability is also ensured. But
bow would this agree with the observed displacements
(equation {23} In terms of the coefficients g, &, ¢ and 47
Substitution of equation (3a} into equation (4) yields
Tr

Ee(x, ) +npé(x, £) = (]';s‘mufﬁ L—x+p (5

By solving this standard viscoelastic equation with the initial
condition &(x, £5) = 0

oo . TN, .
e )= [(}q sina - };) L—x)+ p;}

X (1 — Cifl '7:'3’/7//P) (6)

is obtained. Integrating equation (6} and normalising it by L
gives

B 1§
o, 1) =3 [ aix, fidx
i
N -

) L x ,
(]/thm(zf TIE/J (1 75} + pa

/

X (1 — e~ Bl (73

Comparing equations {2} and {7) we notice that they become
identical when their parameters are related mn the following
way.

P
a—2b
T, = Vi sing -
&)
P
o= ac — 2bc
d
fg = —

[

As can be seen, the curve-fitting function (equation (2}) in
fact provides the exact solution for the VEPP model and
allows for the model parameters to be determined solely
from the monitored landslide displacements {via coefficients
a, b, ¢ and d). It follows, however, that these parameters
should satisfy certain restrictions. First, because the elasto-
plastic modulus E can only be positive, it is requirad that
2b/a << 1. This condition is in fact identical to the restriction
we imposed on equation (2} in order to provide menotonic
growth of displacements uphill from the landslide bottom
(Fig. 4(ay). It 18 even more Important, howeaver, to ensure
that the slope is indeed stable, as implied by the VEPP
model. According to equation (4), the largest earth pressure
is at the bottom of the landslide, and, for the slope to be
stable, it should not exceed the passive earth pressure p.

PO = (Mm 7£)L+p§ < )

i

which, after substitution of 7, from equation (8), gives
b I’y .
Dan B (10
a jos

which 1s an even more stringent condition than 2b/g << 1.
The condition specified in equation (10} 18 the key
criterion for the validity of the proposed inverse analysis. It
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gives a mathematical expression for the case that was termed
the safe scenario in the Introduction. When the coefficients
¢ and b {obtained from curve-fitting of the observed data)
satisfy this criterion, the VEPP medel can be calibrated
using equations (%), and the displacements and earth pres-
sures are predicted at any peint in time and space using
equations (2} and (4) respectively. Obviously, according to
this model, the long-term stability of the slope is satisfied
and the displacements will gradually cease o increase. The
question then is: what happens if the criterion in equation
(10} is pot satisfied?

4. THE VISCOELASTIC-VISCOPLASTIC (VEVFE)
MODEL

The case in which coeflicients ¢ and 5 of the curve-fitling
function (equation (2)) do not satisfy equation (10} corre-
sponds to the fuilure scenario. In this case, according to the
VEPP model, the earth pressure at the bottom of the land-
slide exceeds the passive earth pressure, causing the
development of new slip surfaces and leading to slope
failure. However, because the VEPP model implies that the
carth pressures in the slope should stay constant over time,
this slope should have failed a long time ago, contradicting
the observations. This mability of the VEPP model to
accommodate a possibility of a future failure s rooted in the
assumption that the shear strength has dropped to its final
residual value 7, along the entire sliding surface. It is this
assumption that makes the equilibrium equation (1) time
independent, whereas, w order to allow for future failure,
the carth pressure in the slope must increase over tme.

In the viscoelastic-viscoplastic (VEVP) model proposed
below, this time dependence of the earth pressure is accom-
modated by assuming that the shear strength of soil on the
sliding surface 1s rate dependent (Fig. 3{c}}.

(%, £ = 7 = ndim £ an

where 1. is the corresponding viscosity coefficient. In other
words, the residual shear strength decreases with decreasing
shearing rate, which has been experimentally conflirmed for
natural soils {e.g. Skempton, 1985} The stiffness of the soil
in the sliding layer i1s also assumed to be rate dependent
(Fig. 3(c}).

P £) = Eelx, £ -+ apls £)8(x, (12)

though not necessarily linearly: the funetional form of the
viscosity coefficient #,(s, & will be determined from the
inverse analysis.

Substitution of the constitutive equations (11} and (12)
into the equilibrinm equation {1} yields

L

ey

px f+ H,_[, (. fydx = (;-/c sina — j—}) L—xl+p4

i /

(13)

The parameters of the VEVP model can be determined using
the following inverse analysis procedure. First, by substitut-
ing the observation data {equation (2)) into equation {13),
differentiating and integrating we obtain

L \
PE &)= pi+ a (viHsino —3,){1 — %)

a

H

cald .- .
chpe ;\l—x‘?‘)—?l—f},‘i (143

Next, from equation (2), expresaiona for the linear strain and
its rate are derived

(%, ) = (a— 208) (1 — ™) {158)

E(E, 1) = (g 2bF)ca™ (15h)

which can then be resolved with respect to ¢ and x,

{16a)

{16b)

and substituted nto equation (14)

P = pi ;}{:yt}-{sina T,}(l - :_ i )

b ‘o —e—ije)
. P S 7
3 {1 ( 26 )]} @)

Comparing equations (12} and (17) we find the relationship
between the parameters of the VEVP constitutive model
(equations (12} and (13)) and the coefficients of the curve-
fitting function {equation {2))

JoR—C (18a)

. 2bp, H .

7 ~ytHamoL7a_abf (18b)
e él =

(19)

Note that equations (18) and the comstant term in equation
(19} are identical to the corresponding expressions (equa-
tions {8)) for the VEPP model. As can be seen, derived via
inverse analysis, the expression for the non-constant term of
the viscosity coefficient n equation (19} is rather complex.
The good news, however, is that, unlike the viscosity coeffi-
cient #,, it does not anywhere enter the expression for the
earth pressure evolution (equation (14}). However, it is not
sufficient to determine », with the existing observation data
(equation (2)), and this has to be supplemented by soms
other kind of measurement. The time changes in the earth
pressure p' at the bottom of the slope (x = 0) are of the
utmost importance in this analysis. Therefore it would be
logical to insert a pressure transducer at the rock/soil inter-
face and measure the increase in the earth pressure, Ap, over
the time period Af.

Ap=p'(0, to+ As} — p' (0, £} 20
where f is the time of the pressure transducer installation.

expresaion for the earth pressure evolution at the bottom end
of the landslide.
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. L .
o, i = p;+E(y,H s — %)

i fa B
—peme "*dﬁ -3 (21}
Then substitution of equation (21} into equation (20} gives
the desirad expression for #,

Ap H e d
ERelaj2 — b/31 — e—ebi)

1= (22}

Equation (22), after being substituted back mnfo equation
(213 together with equation (18b), vields the followng ex-
pression for the earth pressure at the landslide bottom,
defined solely through the observation data coefficients.

ap,  Apecl-n

0, £ = - 23
PENETT0 (1 —g-ear) 23}

It now becomes possible to prediet the time of the future
failure. From equation (23) t follows that the earth pressure
mereases monotonically over tume. The failure will take
place at time 4, when the earth pressure at the slope bottom
reaches the passive earth pressure value p'(0, #;) = pg.
Then, from equation {23), we find the following expression
for the time of failure.

Ap
(1 e eb}pl /{1 — 28/a) — ph]

@4

1
tr= fy +—In
<

which, as can be seen, 18 mathematically meaningful only
when

2o B 25

o F2

that is, when the safe scenario criterion (equation {10} is
violated.

Note, that according to the VEVP model, the slope fails
not ‘i spite of”, but exactly because of the fact that the
landslide slows down in time. In fact, the decrease in
displacement rate leads to the decrease in the shear strength
(equation {11}), which in turn causes an increase in the earth
pressures in the soil layer (equation (13)), which can ulti-
mafely exceed the passive pressure resistance.

5. THE SAFETY FACTOR

Expression (25} is nothing else but the definition of the
failure scenario, which confirms the validity of the adopted
VEVP model. However, this model is still applicable even
when failure is not possible. First of all, it can be easily
shown that the VEPP model is a degenerate case of the
VEVFP model with . = 0. In fact, the VEVP model is even
better for the analysis of the safe scenario, because 1t can
account for a more geseral case of 5, # 0 and
2b/a <01 — p/py. In this case, equations (2) and (23) will
still correctly predict the displacements and earth pressure
evolution respectively. The only difference with the failure
scenario analysis will be that the passive earth pressure in
equation (23) will never be mached, and equation (24)
cannot be used. It follows that the VEVP model is the one
that should be applied to the analysis of both scenarios. The
safety factor for the slope stability can then be defined as
the ratio between the soil resistance (passive earth pressure)
and the maximun earth pressure that can develop at the
landslide foot in time (equation (23)).

g 1-2bja
ST et (z6)
P, oo} Paj Pp
This definition, when compared with equations (10} and
(25), identifies the safe scenario with £y > 1, and the failure
scenarto with Fy < 1, In the latter case, equation (24} can
be rewritten as
1 Ap'/ Bt
o=ty 4 ln- R (27
ETRTLTN e E r

and used to predict the time before the slope fathure. Note
that the entire stability analysis can be performed using only
equations (26) and (27), which utilise solely the observed
data and the values of the effective active and passive earth
pressures in the slope found from Fig. 5 (Chu, 19913

{ P } =—y Heosa
PP

X 142 tan “gb), = 24/ {1+ an?g))(tan %), — tan“ar)

(28}

where ¢, and y' are, respectively, the effective peak angle
of internal friction and the effective unit weight of the soil
in the sliding layer.

6. STABILITY ANALYSIS PROCEDURE

The following procedure is recommended for the stability
analysis of a constrained landslide. 'We assume that the
iollowmg d.isplaccmcm data are available: d(x;, f;), where
i=1. .., N j=1, ..., M; Nand M are the number of
Hlbdblﬂt‘}'ﬂL}l{ points in bpaw and time respectively; and at
S{x, qy=0foranyi=1, .., N

(2} Plot the normalised obbeﬂamon data yi; = dm, £)
Sy, ty), for i = 1, , =1, A against the
normalised wordmau xf= Dbianmm the coel-
ficient & = bie by fitting tn Ehese data the following

function.
L — =’
—— (29
e (29}

where L' = IL/xy is the normalised length of the
landslide.

(By Calculate the effective active and passive earth
pressures from equations (28) and their ratio pg/py.

T, ¥'Zsing

Fig. 5. Mohr circle interprefation of active and passive failure
in the slope
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:;71 + 2 tan “gy, 2\/"<l - tan?op) ) (ran? ) — tan?a)

P14 tan %gh) + 2\/’"(1 +tan2¢)) (tan?e) — tan 2cr)

E)

(¢} Substitute & = big and pi/p{ into equation (26} to
caleulate the safety factor If £y > 1, the slope is
stable; if Fy =< 1, it is not

Note that the only parameters requited for this stability
analysis (in addition to the observed displacements) are «, L
and ¢;. Not even the thickness of the sliding layer, A, is
required at this stage. Also, it has not vet been necessary to
define the time-related parameters ¢ and 4. These will be
defined in the following steps, and used to caleulate the final
slope displacements &, for the safe scenario {F; > 1) and
the time to failure # for the failure scenarlo (F. << 1).

(<) Plot the normalised observation data wy; = Sx, ;)
Slay, fy for i = 1, .. N, j =1, ..., 3 against 4.
Determine the coefficient ¢ by fitting to these data the
following function,

1

W=
1—exp|

o

(31)

et — 1))

(e} If F; > 1 the final displacement increments are defined
foreach i = 1, ..., N by

8. tw) (32)

!

Spofxiy e ————————2
ol 1 —exp[—c(y — 1))

() IfF, < 1, install at some time fy a pressure transducer
at the rock/soil interface and measure the increase in
carth pressure Ap over the period of time Az Calculate
the time of the future fajlure from equation (27).

7. EXAMPLE

In the following example of a constrained landslide
stability analysis we utilise selected observation data from
the St Moritz landslide. It is important to emphasise that
these data are not sufficient to make definite conchisions
about the landslide stability; they are used solely as an
llustration of the above procedure.

The following landslide parameters are adopted here
(Sterba ef al, 2000) L = 1500 m and ¢ = 20°. The peak
effective angle of internal friction is assumed (after Vermeer,
1997} to be within the range ¢ = 28-335% so that from

analytical eurve (equation (29)) to the normalised displace-
ment data monitored at different points in the lower 200 m
of the landslide (Fig. 1(b)) is achieved at b'a = 0-39 (Fig.
6(a)). Substituting these parameters into equation {26), we
obtain the range for the safety factor: £, = ¢-78-1-46. As
can be seen, this analysis does not exclude the possibility of
future failure. But let us first focus on the safe scenario. The
best fit to the normalised displacement data (Lang & Sterba,
2002} monitored between 1979 and 1999 at point A on the
slope located 15m east from the Tower (Fig. 1(b})
is achieved using the analytical curve (equation (31)) with
¢ = 0045 (Fig. 6(b}). The total downhill displacement of
point A between 1979 and 1999 was 177 mm: therefore in
the safe scenario case, according to equation (32), the final
displacement of this point will be 298 mm.

Of greater concern here is the fact that this preliminary
stability analysis of the Brattas landslide does not exclude
the possibility of the failure scenario. However, it is too
early to panic: as mentioned above, the data used m this
example are far from being reliable. First of all, the data in
Fig. 6(a} are obtained by monitoring only a few points along
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Fig. 6. Cuorve-fitting of normalised displacement data monitored
for St Moritz landslider (a) in space (before 1983), using
equation (29); (b) in time (1979-199%), using equation (31)

the slide, all of them within the lower 200 m of the landslide
{out of a total of 1500 m). When the curve (equation {29))
is fitted in such a small portion of the range, its ability to
represent the entire range is very limited, and the parameter
b/a becomes very sensitive to the measurement accuracy. A
proper stability analysis of the St Moritz landslide requires
additional displacement measurements along the entire land-
slide length. Also, the data in Fig. G(b) are obtained by
monttoring the displacements of one point on the slope over
a relatively short period of time. Proper time-related predic-
tions can be achieved only by monitoring the long-term
displacements of the soil along the entire landslide and
measuring the earth pressure changes in time in the area of
high compression at the landslide bottom. Finally, the effects
of climatic changes and groundwater conditions should be
also studied and incorporated in the analysis.

g CONCLUSIONS

This paper deals with the stability analysis of a con-
strained landslide. The landslide has ‘nowhere’ to go, and its
downlull movement is slowing in time, which intuitively
implies landslide stability. However, exactly because the
landslide is slowing, the shear strength on the sliding surface
may decrease, leading to an increase in the compressive
stresses at the landslide foot and, ultimately, to a failure.

The stability analysis of such a landslide proposad here is
based on an inverse analysis of the observed displacements.
A new curve-fitting fusction for the observed displacements
is suggested, which is rather simple to fit and vet provides
sufficient flexibility for the fitting. In addition, this function
represents an exact sclution for the simple wviscoelastic
purely plastic model It is, however, a more complex visco-
elastic-viscoplastic model that allows for both the safe and
failure scenarios of the landslide evolution to be identified
and explored within a unified framework.

72



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

INVERSE LONG-TERM STABILITY ANALYSBIS OF A CONSTRAINED LANDSLIDE 489

The inverse analysis of the viscoelastic-viscoplastic model
results in a procedure that allows for the slope safety factor
and final slope displacements (when F; > 1) 1o be deter-
mined solely by curve-fitting the observed displacement
data, using only one additional soil parameter, @ For the
case of Fy << 1, the time of faihwe can be predicted using
additional earth pressure measurements in the sliding layer
The proposed procedure 13 illustrated using observation data
from the Brattas—St Moritz landslide. It would be mnteresting
to learn about other cases of landslides that are being slowed
down by natural or man-made obstacles.
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NOTATION
a. b curve-fitting coefficients for displacement data (in space)
¢, d  curve-fitting coefficlents for displacement data {in thme)
£ elasto-plastic (loading) modulus of soil
£y safety factor for long-term stability of stope
H landslide thickness
K, K, active and passive earth pressure coefficients
& tafio between cosfficients & and a2 £ = bla
I landslide length
L' normalised landslide length
P average effective normal stress (sarth pressure) In the
laver
oy effective active earth presswre
pp  effective passive earth pressure
¢ time
t time of failure
ty time of presswe transducer installation
i avelage pore waler pressie actoss thickness of layer
w  displacement data normalised n time
x space ccordinate
normalised spave coordinate: €= x/1,
»  displacement data nermalised in space
z  depth below surface
a  shope tnclination

wy total unit weight of sotl
y" effective unit weight of soil
¢ downhill displacements of landslide
& normalised displacemenis: & = &/
d,, final slope digplacements
& average linear strain over layer thickness
e viscosity coeflicient of soil in layer
%:  viscosity coefficient of scil on sliding surface
o, normal slress on the z plane
T shear stress on sliding sorface
Ty pravitational shear siress
1, tesidual shear strength of soil on sliding surface
by elfective peak angle of internal friction of soil [n sliding
layer
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9.2 Bericht Nr. 4714

Messerklinger, S., Schmid, A., Rohr, R. Sterba, I. und Puzrin, A.M. (2007).“Interaktion Strasse -
Hangstabilitdt, Monitoring und Rickwértsrechnung, VSS — Forschungsarbeit Nr. 2005/502 1.
Zwischenbericht Field expedition St. Moritz — Juli 2006“ Bericht Nr. 4714, Institut fiir Geotechnik, ETH Zirich
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Introduction

In July 2006 the Institute for Geotechnical Engineering of ETH Zurich made a field expedition
to St. Moritz with the aim:

to verify and compare various insitu test methods and

to establish the existence of compression zones at the bottom of the Brattas slide.

The following program points were performed:

1)

6

-~

Installation of new geodetical points on the top and middle part of the Brattas slide for

the future geodetical observation of the displacements along the landslide.

Investigation and observation of former geodetical points and other significant marks
(e.g. the road shown by the surveyor of the community Mr. P. Baracchi) for the

investigation of the landslide displacements over the past century.

Installation of borehole No. 0601 with a piecometer and an inclinometer and extraction

of soil samples.

Dilatometer-Pressiometer tests in the borehole for the investigation of soil stiffness
over the depth and to compare the stiffness measurements to the measurement data
given by the Marchetti dilatometer (point 5) and by Oedometer test (Report No.: 4714/1)
performed on samples taken from the borehole.

Marchetti dilatometer tests in the borehole for the investigation of soil stiffness over
the depth and to compare the stiffness measurements to the measurement data given
by the Dilatometer-Pressiometer (point 4) and by Oedometer test (Report No.: 4714/1)
performed on samples taken from the borehole.

Infrared pictures of the Brattas slide for the investigation of temperature variations
along the landslide with the aim to observe the location of compression zones and/or
water flows.

Photographs of the Brattas slide with the aim to photogrammetrical evaluation the

coordinates of the newly installed geodetical points (point 1).

Electromagnetic radiation measurements for the observation of compression zones
along the landslide.
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This report (Report No.: 4714) summarizes the first field expedition to St. Moritz in summer

2006 and presents all measurement results observed in these two weeks of field testing.

Additional investigations on data or samples from St. Moritz are/will be presented in
subsequent reports:

Report No.: 4714/1: Borehole No.: 0601, St. Moritz. Oedometer Tests and Comparison to
the Insitu Stiffness Measurements.
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1.

Installation of new geodetical points on the Brattas slide.

Contributor: S. Annen, M. Iten, E. Saurer, R. Rohr, S. Messerklinger, A.M. Puzrin

New geodetical points were installed on the top and middle part of the Brattas slide. On the

bottom side, in the settled regions, there are already geodetical points installed and their

movement is observed over the past decades.

The aim of installing new points on the top and middle part of the Brattas slide is to observe

the displacements along the entire landslide in the future.

32 points were marked on three longitudinal and nine cross sections. Each point was named
with SM for St. Moritz; L, C or R for the left, centre or right longitudinal section and with a
number between 01 and 13 corresponding to the cross section. A map of the points marked is

shown in Fig.1.

Attention: cross section 6 was left out; no points were marked on cross section 6. In
cross section 7, two points were marked close to the centre section: SMCo7 2 on the
centre section and SMCo7 between the centre and the right section. In cross profiles o1
and o3 respectively, one point at the centre section (SMCo1 & SMCo3) was marked only.
In cross profile 02 one point was marked on the centre and one on the right section

(SMCo2 & SMRo2).

Attention: point SMLog and SMCo4 were destroyed and reinstalled.

Each point was marked with:

Nail:

a steel nail appropriate for geodetical measurements and

a white plastic plate or a coloured circle appropriate for photogrammetric evaluation of
the pictures taken from the helicopter (paragraph 7).

additionally, a wooden stick was placed, when possible, in order to find the points

again.

The steel nails were provided by the group of Prof. Carosio (IGP ETHZ).

When the point was marked at rock, a hole was drilled which was filled with cement
lime before the nail was put inside.

When the point was marked on soil, a steel tube was driven into the ground with a

hammer and the nail was clamped into the topside of the tube.
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Photogrammetric markings:

Stick:

When the point was marked on a rocky area, an orange circle with a diameter of

approx. 50 cm was sprayed around the nail.

When the point was marked on a grassy area, a square (40 x 40 cm), white plastic plate
was placed under the head of the nail.

A wooden stick of a length of approx. 50 cm and an orange painted top was placed next to the
point at a distance of max. 2 metre. Where it was not possible to fix a stick in the ground (in

the rocky areas) a rock-tip next to the point was painted orange.

154000
* SMCo ¢ SMRO2
= SMCoz
00

i 153500 1
A * SMRog
E * SMCo3 * SMRoE,
= - SMCoq
=3
] * SMRo7 = SMRo8
E *SMLOA | chicos = SMCoy + SMRog
2 SMCo7-2 1 * SMR1O
T L]
5 SNERE |
»5 = SMLog * SMCio |
H « SMLo7 * SMR1 |
=2 * SMLo8 * SMR12 [
z SMLog * SMCn . |

153000 - *sMilio SMRd-
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* SML13
152500 :
783500 784000 784500

"Schweizer Landeskoordinaten” Y

Fig. 1: Newly marked points for the future geodetical observation of the landslide, presented in

“Schweizer Landeskoordinaten”.
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For each newly marked point the geodetical coordinates (in Schweizer Landeskoordinaten)
were determined with the IGT-GPS within an accuracy of + 5 metres. These coordinates are
given in Tab. 1 together with the approximate height above see level. Additionally, the
coordinates and height of the major spring close to cross section 5 is given at the bottom of
Tab.1.

Tab.1: Coordinates and height above see level of the newly marked points.

Point No. Coordinates Height above see level
SMCon 783554 153636 2261m
SMCoz 783723 153558 2207mM
SMCo3 783881 153423 2163 m
SMCogq 783973 153362 2128 m
SMCos 783981 153271 2103 m
SMCo7 784072 153273 2095 m
SMCo7-2 784071 153225 2093 m
SMCo8 784098 15321 2079 m
SMCog 784131 153190 2064 m
SMCio 784168 153163 2048 m
SMCn 784220 153047 1994 M
SMC12 784317 152961 1969 m
SMCi3 784387 152940 1951 M
SMLog 783882 153292 2143 m
SMLes 783933 153150 2095 m
SMLo7 783997 153114 2086 m
SMLo8 784036 153080 2087 m
SMLog 784063 153028 2062m
SML1o 784088 153014 2068 m
SML1 784123 152942 2012m
SMLiz 784223 152905 1984 m
SML13 784266 152756 1945 m
SMRoz2 783787 153630 2205 m
SMRo4 784005 153448 2135 m
SMRosg 784107 153416 21mom
SMRo7 784115 153308 2096 m
SMRo8 784215 153310 2087 m
SMRog 784236 153274 2069 m
SMR10 784254 153239 2056 m
SMR11 784310 153124 2010m
SMR12 784354 153071 1965 m
SMR13 784429 153021 1933 m
SMquelleon 783963 15321 2103 m
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In collaboration with Prof. Carosio (Institute of Geodesy and Photogrammetry; Room No.: HIL
D46.3; Tel. No.: +41-44-633 3052; email: carosio@geod.aug.ethz.ch) and his assistance Janine
Sutter (Room No.: HIL D54.3; Tel. No.: +41-44-633 3062; sutter@geod.baug.ethz.ch) and Peter
Staub (Room No.: HIL D46.2; Tel. No.: +41-44-633 3846; email: staub@geod.baug.ethz.ch) a

student course was organized.

In this course the students performed geodetical measurements on the:
- 310fthe 74 existing points at the bottom side of the Brattas slide.
- 32 new installed points at the middle and top part of the Brattas slide.
- 4points

Not all points are measured with the same accuracy. Prior to the measurements the Brattas
slide was divided into three zones with different accuracies asked for and after the
measurements the actually reached accuracies for each zone were determined (after Staub,

2006; see Appendix I):
Zone 1: all points and cross-section 8, 9,10 location accuracy: 1.1 cm; height accuracy: 1.5 cm
Zone 2:cross-section 4, 5,7, 12,13 location accuracy: 1.4 cm; height accuracy: 1.5 cm

Zone 3: cross-section 1, 2, 3, 11,3 old points location accuracy: 1.9 cm; height accuracy: 1.7 cm

The detailed report “Geodatische Geldndelberwachung: Hangrutschungsmessungen im
Gebiet Gianda Laret-Brattas, Gemeinde St. Moritz" is attached in Appendix I.
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2. Investigation and observation of former geodetical points
and other significant marks.

Contributor: S. Annen, R. Rohr, |. Sterba, A.M. Puzrin and Mr. P. Baracchi, surveyor of the
community of St. Moritz

For the investigation of the displacements along the Brattas slide over the past century it was
tried to find former geodetical points and other significant marks for which the coordinates

were determined long time ago (e.g. 8o years).
Two groups of marks were identified:
- The road crossing the Brattas slide (close to cross-section 10, Fig. 1). Unfortunately, only
one old geodetical point (point no. 2338) could be found.
- Former geodetical points (no. 2320 and 2323) in the Brattas slide (2 points at cross-
section 4, Fig.1and Appendix |, page 61).
The coordinates of these three points were determined in the measurement campaign

(described in the previous chapter) and are presented in Appendix .

3. Installation of borehole No. 0601 with a piecometer and an
inclinometer and extraction of soil samples.

Contributor: S. Annen, A. Schmid, R. Rohr, S. Messerklinger, |. Sterba, AM. Puzrin and A
Mehrstetter (Bohrmeister, Fa. Stump ForaTec AG, Chur)

A boring with the diameter of 131 mm was installed by the company Stump ForaTec AG, Chur.
The tests performed in the borehole during its installation and the samples taken from the
borehole are listed in Table 2.

Subsequently, a piecometer and an inclinometer (Inkrex tube diameter 71 mm) were installed
in the borehole.
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1

4. Dilatometer-Pressiometer tests in the borehole.

Contributor: 5. Annen, S. Messerklinger, A.M. Puzrin, U. Sambeth (Fa. Stump ForaTec AG, Zurich)

Dilatometer-Pressiometer tests were performed in the borehole to investigate the soil stiffness
over the depth and to compare the stiffness determined with the Dilatometer-Pressiometer to
the stiffness measurement data given by the:

Marchetti dilatometer tests also performed in the borehole (point 5) and

Oedometer test performed subsequently in the laboratory on samples taken from the
borehole (Report No.: 4714/1).
The detailed report of the 4 Dilatometer-Pressiometer tests performed by U. Sambeth in the
borehole at depths of 5.0, 8.9, 13.9 and 13.7 m is presented in the report “Brattashang, St.
Moritz: Dilatometerversuche” by U. Sambeth (Appendix II).
An overview of the location of the tests with respect to the samples taken from the borehole
and the Marchetti-Dilatometer tests is given in Table 2 as well as the average Young's Modulus

for compression and un-reloading for each test performed.

5.  Marchetti Dilatometer tests in the borehole.

Contributor: A. Schmid, R. Rohr, S. Messerklinger, A.M. Puzrin

Marchetti dilatometer tests were performed in the borehole to investigate the soil stiffness
over the depth and to compare the stiffness determined with the Marchetti Dilatometer to the
stiffness measurement data given by the:

- Dilatometer-Pressiometer tests also performed in the borehole (point 4) and

Oedometer test performed subsequently in the laboratory on samples taken from the
borehole (Report No.: 4714/1).

The Marchetti dilatometer tests were performed with the equipment of IGT ETHZ. The test
procedure is as follows:

- The membrane of the Dilatometer is calibrated by measuring the AA and AB values
(The internal pressure at which the membrane separates from the contact at

atmospheric pressure).
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- The Dilatometer was inserted into the borehole and pressed into the soil.

- Pressure was slowly applied and the pressure at which the membrane separates from
the contact (when the peep signal stops) and the pressure at which the membrane 11
mm perpendicular to the membrane surface (when the peep signal starts again) is

recorded which represents the A and B value respectively.

- The measurement data of the A and B reading for each of the 11 tests performed is

presented in Table 2.

The data evaluation is done according to the recommendations in Marchetti et al. (2001) “The
Flat Dilatometer Test (DMT) in soil investigations” which is attached in Appendix lll. The

evaluation procedure is highlighted on the results of test 1:

Corrected first reading:

P, = 1.05 {A + AA) — 0.05(B— AB) = 1.05 (4.25 + 0.29) — 0.05(12.5 — 0.28) = 4.16 bar

Corrected second reading:

p,=B-AB=125-0.28 =12.22 bar

Material Index: (u, = pore water pressure; it is assumed that the soil behaves drained, therefore
U, is always zero. The groundwater level is only considered for the calculation of the effective
vertical overburden pressure, see footnote.)

lo= (P, = Po) / (Po—Ug) = (12.22~4.16) / (416 - 0) = 1.94

Horizontal stress index:?

Ko =(po—Uy) / 6o = (416 —0) / (1.5 * 18 KN/m? + (6.4 - 1.5 m) * (18 - 10 KN/m?) =
= 66.2 kPa = 0.66 bar) = 6.28

Dilatometer Modulus:

Es =34.7 (p,— o) = 34.7 (12.22 — 4.16) = 280 bar =28 MPa

* Therefore the mean effective vertical stress ¢, is needed. A unit soil weight of 18 KN/m3 is assumed
(such as for the Marchetti Dilatometer data evaluation, Report No.: 4714/1) and the pore water pressure
distribution over depth is taken from former piecometer measurements (Report No. 3676/10, Beilage Nr.
7) next to the tower in St. Moritz were also the herein investigated boring No. 0601 is situated. (3
piecometers are installed in boring 11 at depth of 10.3, 14 and 17 m which measured over the past 15 years
water pressures of 8.8 m @ 10.3 m depth, 10.0 m @ 14.0 m depth and 15.0 m @ 17.0 m depth). Therefore
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Tab. 2: Overview of the tests performed in and the samples taken from the borehole.

Marchetti dilatometer:

Dilatometer-Pressiometer:
Young’s Modulus E

Sample | A, B [bar], Young’s Modul E [MPa] & compression and swelling
Depth [m] |number | Earth pressure coefficient K, [-] [MPa]
4.85-5.05 1
5.00 Eomp = 15.0 E;, =110.0
6.20-6.30 2
6ud /2% A: 4.25 B:12.5 - F: 48 — K1 1.4
No 1/b measurement!
8.82-9.04 3
8.50-8.75 3a
8.94 Ecomp =15.0 E,, =156.5
9.10-9.55 3b
10.20 —10.50 4
10.40 2/a% A1 45B:125-F: 39— K1
10.50 —10.70 5
10.60 2/b% A: 6.5B: 22.5 - E: 96— K, 1.3 (Ip>1.21)
10.70 —10.90 6
10.80 2/c A:7.0B: 165 - E: 56— K 1.4
10.90 —11.20 7
11.00 2/d% A: 5.8 B: 20.0 - E: 79— K,: 1.2 (Ip>1.21)
13.80 —14.00 8
Ecomp = 10.0 B, = 93.0
13.70 After the test at 13.90 m!
Only loading &unloading
13.90 3/a% A4 B:5-F:26-K,: 07 g‘;"l‘; Tog;;rféré; L?rfl.gadingl
14.00 —14.20 9
14.10 3/b% A:6.2B:19.5- E: 62— K.: 1.0 (I>1.2])
14.20 —14.40 10
14.25 3/c% A:8.2B:201-E: 64K, 1.2
15.80 —16.00 1
16.30—-16.47 12
16.47 -16.85 13
16.50 4/a" A:51B:24.0-E: 85-K,: 0.8 (Ip>1.21)
16.62 4/b% A:10.8 B:33.0 - E:138-K,: 1.4 (Ip>1.2])
16.70 4/ A14.5B:37.5- F:162— K 1.7
17.00 —17.25 14

the groundwater level for test 1 and 2 is 1.5 m below surface, for test 3 the groundwater level is 4 m
below surface and for test 4 the groundwater level is 2 m below surface.

® Calibration values: AA = 0.29 AB = 0.28 bar.
¢ Calibration values: AA = 0.31 AB = 0.30 bar.
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Vertical drained constraint Modulus:
foro.6 <lp<3: Ry =Ryo+ (25— Ry,) log Ko =034+ (2.5-0.34) log (6.28) = 2.06
Rwo =014+ 0.5 (I, —0.6) = 0.14 + 0.15 (1.94 - 0.6) = 0.34
Mowr (for 0.6 <1D <3) =Ry, * Ep = 2.06 * 28 = 57.7 MPa

Young's Modulus: (with v = 0.25)

E=(1+v)(1-2v) M/ (1-v) = 0.83 Myy; =0.83 * 57.7 = 48 MPa

Earth pressure coefficient (the formulation is valid if I, < 1.2):

Koomr = (Ko /1.5)°4 = 0.6 = (6.28 / 1.5)° - 0.6 =1.36

6. Infrared pictures of the Brattas slide.

Contributor: S. Messerklinger, A.M. Puzrin, T. Walther and W. Trefzer both company Pergam

Infrared pictures were taken from the Brattas slide with the aim to observe the location of

compression zones and/or water flows.

The basic idea: Infrared cameras record the temperature distribution on the surface. When one
picture is taken in the morning and another in the evening two phenomena’s are visible:
An area where water is flowing stays cold over the day.

During the day areas with high pressure heat up more than areas with lower pressures

(comparison between morning and evening temperature distribution).

Infrared pictures of the Brattas landslide were made from a helicopter by the company Pergam
(Pictures taken by Thomas Walther, Helicopter pilot: Werner Trefzer; Company: Pergam-Suisse
AG Talacker 42, 8oo1 Ziirich).

The pictures were taken on Tuesday 1" July 2006 between 6 and 6:30 pm and on Wednesday
12" July 2006 between 8 and 8:30 am. On Tuesday it was sunny all day only at about 5:30 pm a

thunderstorm occurred between the airport in Samaden and the landslide in St. Moritz.

The files of the infrared pictures taken are on the CD in Appendix IV.
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7. Photographs and their photogrammetrical evaluation of
the geodetical points.

Contributor: M. Sauerbier (Institute of Geodesy and Photogrammetry (IGP), ETH Zurich), S.
Messerklinger, AM. Puzrin, T. Walther and W. Trefzer both company Pergam

Photographs of the Brattas slide were made from the helicopter, next to the infrared pictures,
with the aim to photogrammetrical evaluation the pictures and to determine the coordinates

of the newly installed geodetical points (point 1) also with this method.

The photogrammetrical evaluation was done by M Sauerbier (Room No.: HIL D52.4; Tel. No.: +41
44 633 32 87 ; email: martin.sauerbier@geod.baug.ethz.ch).

His detailed report (Appendix V) is still in preparation and will be attached later.

8.  Electromagnetic radiation measurements.

Contributor: A. Schmid, S. Messerklinger, AM. Puzrin and M. Lichtenberger (Geologisch-
Paldontologisches Institut der Ruprechts-Karls-Universitat Heidelberg)

Electromagnetic radiation measurements were made with the aim to observe compression
zones along the Brattas landslide.

The principle:

When stones are under pressure inside the stone mass micro-cracks develop. These cracks
separate the material and consequently the atomic net locally, therefore some of the atoms at
the crack have to relocate themselves in the remaining atomic net. This “movement” of atoms

produces electromagnetic waves.
The special characteristic of these waves is that they are “pulsed”, which means their
amplitude reduces with the number of peaks (Fig. 2). These pulsed waves can be measured.

The difficulty in this measurement is to filter the electromagnetic emission caused by the

civilized environment.
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The apparatus:

For the measurement of electromagnetic emission of rocks and stones an apparatus with the
corresponding software was developed in the Ukraine. This apparatus is called CERESCOP and
is commercially offered e.g. by Dr. Hennes Obermeyer from the “Gesellschaft fiir Erkundung &
Ortung, Yorckstrasse 36, D-76185 Karlsruhe, e-mail: hennes.obermeyer@inka.de. The two

apparatuses used for the radiation measurements in St. Moritz were as well provided by him.

The apparatus consists of a box and an antenna, which is connected to the box via a cable and
a plug. The box contains a screen, a keypad and three plugs for the antenna, the charging unit
and the data transfer, respectively.

amplitude

Fig. 2: Principles of electromagnetic radiation: pulsed wave.

The measurements

On Thursday the 13™ and Friday the 14" of July 2006, radiation measurements were performed
using two apparatuses in parallel. An “old” apparatus which was operated by Marco
Lichtenberger and a “new” apparatus operated by S. Messerklinger.

With the old apparatus M. Lichtenberger performed “horizontal radiation measurements”. He
was held the antenna horizontally, starting towards the north and subsequently turning
clockwise in steps of 5°, and logged the received magnitude of electromagnetic radiation at
each step for one rotation of 360°. This measurement gave next to the magnitude also the
horizontal orientation of the radiation.

With the new apparatus S. Messerklinger performed “vertical radiation measurements”. She
held the antenna vertically towards the ground and logged the received electromagnetic
radiation. At each point the radiation was logged ten times and the average was used. In this
measurements the receiving frequency ranges was set to comparable low values of 5 —15 MHz

with the aim to receive radiations from depth of up to approximately 20 metres (M.
Lichtenberger, 2006).
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- Initial settings
At the start of a measurement series the spectrum and the amplification has to be set.

Spectrum: The cerescop measures within a frequency spectrum of 5 to 50 MHz. The received
magnitudes for the corresponding frequency can be plotted on the screen of the apparatus.
Peaks in this plot indicate interferences at the related frequency and jumping curves indicate
general interferences. To avoid influences due to interferences at certain frequencies, the
frequency spectrum, considered for the measurement, can be defined by the user. Typically, a

range next to the peaks but within the boundaries of 5 and 50 MHz is selected.

Attention: By choosing a frequency range it has to be considered that the frequency is related
to the measurement distance. Low frequencies result in a larger observation distance than
higher. The observation distance can be calculated after (Lichtenberger, 2006) and is typically
in a range of 2 to 20 metres for the given frequency spectrum of 5 to 50 MHz. The spectrum set

in the new apparatus was 5,0 to 15,2 MHz.

Amplification: One the one hand the received signals are amplified by a given factor, on the
other hand the zero line, above which the signals are considered, is moved towards the peaks
so that only the most top peak of the wave is used in the data evaluation. Any combination of
amplification and “cut-off” can be defined by the user. However, the best data resolution is
given when the Parameter A results in values between 100 and 3000 for the regions with low

and high compression, respectively (Lichtenberger, 2006).

These amplification factors are next to the signals also dependent on the type and quality of
the antenna. Therefore different values had to be chosen for the new and the old apparatus.
For the old apparatus the factors were set to 14 and 44 and in the new apparatus to 2 and 16.
The results:

The parameter A was used for the data analysis of the horizontal as well as the vertical

measurements. The data of all measurements are presented in Appendix VL.

The analysis:
Electromagnetic radiation is sent in the direction of the micro-crack. Micro-cracks develop in
the plane of the maximal and the intermediate stress direction and perpendicular to the

minimum stress direction. The antenna can measure only waves which propagate in the
direction of the antenna.

This means:

At the top of the landslide, the maximum stress direction is vertical towards the ground

due to gravity, the intermediate stress direction is towards the width of the landslide due
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to lateral earth pressure and the minimum stress direction is along the sliding direction of
the landslide. (This is the case close to a tension crack, when no additional weight acts on
the topside of the landslide.)

At the bottom end of the landslide at a compression zone, the maximum stress direction is
the sliding direction of the landslide because the entire soil-mass above Is pushing. The
intermediate stress direction is vertical towards the ground due to gravity. The minimum
stress direction is towards the width of the landslide due to lateral earth pressure. The
stress magnitude of the gravity and the resulting lateral earth pressure is the same as at
the top of the landslide (assuming the landslide has a constant depth/thickness).

In between the principal stress directions will change more or less suddenly from the top to
the bottom state.

The orientation of the microcracks developing at the different stress states along a landslide
with a compression zone at the bottom side and a tension zone at the top side is shown in
Fig. 3.

EMR measurements:
Horizontal antenna:

At the top side the direction of the antenna is perpendicular to the direction of the microcracks.
Consequently, the radiation possible to receive by the antenna will be small. Additionally, the
magnitude of radiation will be small, close to the tension zone.

At the bottom side, after the change of the principal stress directions, the direction of the
antenna is parallel to the direction of the micro-cracks. Consequently, the radiation possible to
receive by the antenna will be large. Additionally, the magnitude of radiation will be high, close

to the compression zone.

Vertical antenna:

At the top side the direction of the antenna is parallel to the direction of the microcracks.
Consequently, the radiation possible to receive by the antenna will be large. But the magnitude

of radiation will be small, close to the tension zone.
At the bottom side, after the change of the principal stress directions, the direction of the
antenna is again parallel to the direction of the micro-cracks. Consequently, the radiation

possible to receive by the antenna will be large such as at the top side. And the magnitude of
radiation will be high, close to the compression zone.
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Fig. 3: Analysis of the EMR measurement results.
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Conclusions:

It should be possible to detect a compression zone in a landslide with the measurement of

electromagnetic radiation along the landslide.

With vertical measured EMR the magnitude of EMR should increase continuously towards the

compression zone.

With horizontal measured EMR the magnitude should increase as well continuously, starting
from very low magnitudes at the tension zone and with a sudden increase in magnitude at the

location of the change of the principal stress direction.

The analysis of the vertical and horizontal measurements performed on the newly installed
geodetical points (point 1) on the Brattas slide and the data of every single measurement are
presented in Appendix VI.

Report No. 4714 Mes/Schm/Rr/IS/AMP

Zurich, 1. November 2007

El1H Zurich
Institute for Geotechnical Engineering

n

r. Sophie Messerklinger
Dipl. Bauing.
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Appendix I:

Staub P. (2006)

“Geodatische Gelandeiiberwachung:

Hangrutschungsmessungen im Gebiet Gianda Laret-Brattas,

Gemeinde St. Moritz”.
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Der Bericht:

“Geodatische Gelandeliberwachung:
Hangrutschungsmessungen im Gebiet Gianda Laret-Brattas,
Gemeinde St. Moritz”

Staub P. (2006)

befindet sich am Institut fir Geotechnik, Waolfgang-Pauli-Str. 15, 8093

Zurich und kann jederzeit eingesehen oder zugestellt werden.
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Appendix lI:

Sambeth U. (2006)

“Brattashang, St. Moritz: Dilatometerversuche”.

100



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

Stump ForaTec AG
Die Spezialisten fiir: ®
Sondierbohrungen, Zweckbohrungen, Tiefbohrungen, Pendelbohrungen

Grundwasserarbeiten, Gefrierverfahren, Messtechnik
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1. Einflihrung

BES1-1657.doc, 08.08.06

Dilatometermessungen dienen der Ermittlung der Verformungseigenschaften im
Bohrloch. Dabei werden Verformungs- und Elastizitats-Modul im Felsverband
und unter dem herrschenden hydrostatischen Druck bestimmt.

Im Auftrag des Instituts flr Geotechnik der ETH Zrich, wurden von der Stump
ForaTec AG, Abteilung Messtechnik, vier Dilatometerversuche in der Bohrung
0601 durchgefiihrt. Die Bohrung von 101mm Durchmesser wurde im
anstehenden Gehéangeschutt abgeteuft. Die Dilatometerversuche erfolgten am
11. bis 13. Juli 2006.

Die Bohrung ist vertikal. Bei sdmtlichen Versuchen lag der Wasserspiegel tiefer
als die Versuchsstrecke.

Die Versuche eins (Tiefe von 5.0m) und zwei (bei 8.95m) wurden plangemass
ohne spezielle Vorkommnisse beendet,

Der dritte Versuch in 13.9m Tiefe wurde bei etwas Uber 2 Bar Versuchsdruck
vorzeitig abgebrochen, da der Messgeber Nummer 2 eine unverhaltnismassig
schnelle Deformationszunahme zeigte und deshalb ein Bruch der Membrane
befiirchtet werden musste.

Nach dem dritten Versuch wurde der Dilatometer 20cm nach oben gezogen und
der vierte Versuch begonnen. Dabei bot der sandige Ton/Lehm so wenig
Widerstand, dass der Versuch bei etwas {lber 60 Bar Druck aufgrund der
grossen aufgetretenen Deformationen wiederum abgebrochen werden musste.

Um die Verformungs- und Elastizitdtsmoduli (Young’s modul) in situ zu
bestimmen, wurde fir die Dilatometerversuche eine Schlauchsonde Typ
.Cambridge Insitu®, verwendet (siehe Anhang A2).
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2

Technische Grundlagen

Die Dilatometersonde, Typ ,Cambridge Insitu®, besteht aus einem Metallzylinder,
wobei dessen mittlerer Teil mit einer speziellen Gummimembrane versehen ist.
Mit Hilfe von Gestangen wird diese Sonde an die zu untersuchende Stelle
gefihrt. Um die Verformung des Gesteins zu analysieren, wird die Membrane
unter hohem Druck an die Bohrlochwandung gepresst.

Der Druck wird von Druckflaschen (durch Kompressor gespiesen) Uber einen
Hochdruckschlauch zur Sonde gefiihrt. Dieser Schlauch kann in verschiedene
Langen unterteilt werden und enthalt ebenfalls das Elektrokabel fir die
Ubertragung der Messresultate. Der Druck wird in der Sonde von zwei
Druckzellen gemessen. Eine Druckkontroll-Vorrichtung erlaubt, den Druck von
der Oberflache aus zu regulieren. Der Arbeitsdruck reicht bis 20 MPa.

Die Verformung wird von 6 Wegaufnehmern registriert, deren Orientierung
mittels eines Kompasses bestimmt wird. Die Messwerte werden mit einer
Aufldsung wvon 0,001 mm automatisch und kontinuierlich auf einen
angeschlossenen Computer digital Obertragen, wo sie alle 10 Sekunden
graphisch und tabellarisch dargestellt und gespeichert werden. Mittels der
internen Elektronik werden alle Signale schon in der Sonde digitalisiert. Die
digitale Ubertragung verhindert Verfdlschungen der Messresultate auf der
Ubertragungsstrecke.

Das Instrument misst Weganderungen (radiale Deformation, in mm) gegenuber
Druck (in Pa). Die Analyse beruht darauf, dass das Material homogen,
isotropisch und als Kontinuum angenommen werden kann.

Die moderne Messvorrichtung erlaubt einen sehr flexiblen Einsatz dieser Sonde
auch bei relativ komplizierten Verhdltnissen. Jeder Messgeber (Druck, Kompass,
usw.) wird zweimal aufgefiihrt um redundante Messwerte zu erhalten. Je nach
Durchmesser der Bohrung, 76mm, 96mm oder 101 mm, stehen Sonden mit
einem Durchmesser von 73mm, 93mm und 95 mm zur Verfligung.

BES51-1657 doc, 08.08.06
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3. Ablauf der Messungen

Die Teststrecke wurde vor Ort festgelegt. Anhand der zur Verfligung stehenden
Bohrkerne wurde die genaue Position der Versuchsstrecke bestimmt. Die
Messungen wurden von Messtechnikern der Firma Stump ForaTec AG, und mit
Hilfe des Bohrpersonals durchgefiihrt. Die Dilatometersonde wurde vorgéngig in
unserer Werkstatt kalibriert und geeicht.

Die Versuche wurden wenn maglich in 2 Lastzyklen durchgefiinrt. Der erste
Lastzykius besteht aus einer Erstbelastung und einer Entlastung. Danach folgt
eine Wiederbelastung (bis zum maximalen Belastungswert des ersten
Lastzyklus), eine Erstbelastung und Entlastung. Es wurde folgendes Belastungs-
Entlastungs-Schema gewahlt:

1. Lastzyklus: Belastung bis ca. 80 bar
Entlastung bis ca. 25 bar

2. Lastzyklus: Belastung bis ca. 100 bar
Entlastung bis 0 bar

4, Resultate und Auswertung

BES1-1657.doc, 08.08.06

Die aus dem Dilatometerversuch gewonnencn Messdaten werden in einem
Belastungs-Verformungsdiagramm dargestellt, aus dem die Verformungs- und
Schermoduli abgeleitet werden kénnen.

Die Verformungsmoduli werden aus den Daten der jeweiligen Erstbelastung
berechnet. Die Daten der nachfolgenden Entlastung liefern die
Entlastungsmoduli.

Das Schermodul G ist die Anderung der Scherbeanspruchung durch die
Anderung der Scherdeformation. Die Scherbeanspruchung ist gegeben durch die
Anderung des Druckes wahrend eines Entlastungs- bzw. Belastungszyklus.

Die Deformation ist gegeben durch die Anderung des Radius des Instrumentes.
Die radiale Deformation ist gegeben durch die Zunahme des Radius durch den
Originalradius der Sonde. Die doppelte radiale Deformation ist gleich der
Scherdeformation.
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Der E-Modul (Young’s Modul) wird schliesslich durch folgende Formel berechnet:
E=2G(1+v)

G = Schermodul; E = Elastizitatsmodul oder Young’s modul
v = Poisson-Zahl {Annahme v = 0,25)

Die gemessene Orientation entspricht dem
Azimut des Weggebers 1 = Arm 1

Bei der horizontalen Bohrung 2 wurde Arm 1
nach oben gerichtet.

Am4

Die ausfiihrlichen Messresultate befinden sich im Anhang. Dabei bedeuten

- Ave of 6 Arms vs Total Pressure =  Durchschnitt aller 8 Arme gegen Druck

- All 6 Arms vs Total Pressure = Alie 8 Arme einzeln gegen Druck
- Arm pairs vs Total Pressure = Armpaare gegen Druck
- True Strain vs Pressure = Verformung (Ln [R/Rc]) gegen Druck

Ebenfalls liegt eine CD-ROM mit den Rohdaten (fiir das Programm logger.exe,
v7.14, Cambridge Insitu) und den kalibrierten Deformationswerten (.csv, ASCII-
Dateien) bei. Die kalibrierten Versuchsdaten liegen zumTeil in zwei Versionen
vor, mit flir den jeweils angegebenen Druckbereich optimierten Eichwerten.

Der Versuch T1T1 ist die Eichung, welche vorgangig im Aluminium-Testrohr &
127x108mm durchgefihrt wurde.

Stump ForaTec AG

! Sambeth M. Wolfensberger

BES51-1657.doc, 08.08.06
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Anhang A1

Belastungs-/ Verformungsdiagramme aller Versuche

BES1-1657 doc, 08,08.08
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Brattashang, St. Moritz

B6 /Test 1

Dilatometerversuche

Datum: 11. 07, 2006

Azimut: 283°

Sondendurchm. (Dgyng): 95.0 mm

Tiefe: 5.00 m Wasserdruck: 0 kPa Poissonzahl (v): 0.25
Punkt Druck Arm 1 Arm 2 Arm 3 Arm 4 Arm 5 Arm 6
1 236 kPa 4,151 mm 3.731 mm 3.211 mm 3.059 mm 3.603 mm 4.006 mm
2 932 kPa 6.816 mm 6.160 mm 6.323 mm 7.121 mm 6.232 mm 6.430 mm
3 956 kPa 7.410 mm 6.746 mm 7.046 mm 8.077 mm 6.754 mm 6.934 mm
4 234 kPa 6.981 mm 6.325 mm 6.683 mm 7.679 mm 6.379 mm 6.564 mm
5 954 kPa 7.503 mm 6.888 mm 7.241 mm 8.392 mm 6.932 mm 7.098 mm
6 955 kPa 7.451 mm 6.836 mm 7.189 mm 8.341 mm 6.880 mm 7.048 mm
T 1'043 kPa 7.730 mm 7.113 mm 7.505 mm 8.740 mm 7.134 mm 7.298 mm
8 1'022 kPa 8.312 mm 7.699 mm 8.160 mm 9.597 mm 7.638 mm 7.769 mm
9 833 kPa 8.275 mm 7.666 mm 8.135 mm 9.572 mm 7.604 mm 7.740 mm
Stufe Arme 1/4 Arme 2/5 Arme 3/6 Arme 1-6
1-2  Erstbelastung Durchm. (Dy) 102.210mm 102234 mm 102.217 mm  102.220 mm
Zyklus Start: 236 kPa Def. (AD) 6.727 mm 5.158 mm 5.536 mm 5.807 mm
Zyklus Ende: 932 kPa Schermod. (G) 5 MPa 7 MPa 6 MPa 6 MPa
Scherbeanspr. (AP): 696 kPa E-Modul (E) 13 MPa 18 MPa 15 MPa 15 MPa
3-4  Entlastung Durchm. (D) 110.487 mm 108500 mm  108.980 mm  109.322 mm
Zyklus Start: 956 kPa Def. (AD) -0.827 mm -0.796 mm -0.733 mm -0.785 mm
Zyklus Ende: 234 kPa Schermod. (G) 48 MPa 49 MPa 54 MPa 50 MPa
Scherbeanspr. (AP): -722 kPa E-Modul (E) 120 MPa 123 MPa 135 MPa 125 MPa -
4-5  Wiederbelastung Durchm. (D) 109.660mm 107.704 mm  108.247 mm  108.537 mm
Zyklus Start: 234 kPa Def. (AD)  1.235mm  1.116mm  1.092mm  1.148mm
Zykius Ende: 854 kPa Schermod. (G) 32 MPa 35 MPa 36 MPa 34 MPa =
Scherbeanspr. (AP): 720 kPa E-Modul (E) 80 MPa 88 MPa 90 MPa 85 MPa *
6-7  Erstbelastung Durchm. (Ds)  110.792 mm 108716 mm  109.235mm  109.581 mm
Zyklus Start: 955 kPa Def. (AD) 0.678 mm 0.531 mm 0.568 mm 0.592 mm
Zyklus Ende: 1'043 kPa Schermod. (G) 7 MPa 9 MPa 8 MPa 8 MPa
Scherbeanspr. (AP): 88 kPa E-Modul (E) 18 MPa 23 MPa 20 MPa 20 MPa
8-9  Entlastung Durchm. (D7) 112916 mm 110.337 mm 110929 mm  111.394 mm
Zyklus Start: 1'022 kPa Det. (AD) -0.069 mm -0.067 mm -0.054 mm -0.063 mm
Zyklus Ende: 833 kPa Schermod. (G) 155 MPa 156 MPa 194 MPa 167 MPa
Scherbeanspr. (AP): -189 kPa E-Modul (E) 388 MPa 390 MPa 485 MPa 418 MPa
s AP AP
O ,{‘
fe 1014+ = V= o1s
= Bviiayy T
Y

51-1657 Dilato Bohrung 0601.xIs, 5m, 04.08.2008, 14:44
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www.stump.ch
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Brattashang, St. Moritz

B6/Test2

Dilatometerversuche

Datum: 12. 07. 2006

Azimut: 165 °

Sondendurchm. (Dggng): 95.0 mm

Tiefe: 8.94m Wasserdruck: 0 kPa Poissonzahl (v): 0.25
Punkt _Druck Arm 1 Arm 2 Arm 3 Arm 4 Arm 5 Arm 6
1 259 kPa 6.772 mm 10.082 mm 9.644 mm 9.763 mm 4,925 mm 7.933 mm
2 827 kPa 8.933 mm 13.726 mm 13.234 mm 13.008 mm 6.418 mm 9.164 mm
3 860 kPa 9.630 mm  14.520 mm 14.006 mm 13.754 mm 7.049 mm 9.614 mm
4 252 kPa 9.355mm  14.132mm  13.740 mm 13.425 mm 6.938 mm 9.542 mm
5 861 kPa 9.734 mm 14.699 mm 14.148 mm 13.872 mm 7.148 mm 9.664 mm
6 860 kPa 9.785 mm 14.750 mm 14.198 mm 13.923 mm 7.199 mm 9.715 mm
7 1009 kPa 10.290 mm 15.276 mm 14.628 mm 14.367 mm 7.619 mm 10.020 mm
8 1'012 kPa 11.488 mm 16.428 mm 15.528 mm 15.168 mm 8.410 mm 10.670 mm
9 848 kPa 11.462mm  16.411 mm 16517 mm  15.142 mm 8.382 mm 10.648 mm
Stufe Arme 1/4 Arme 2/5 Arme 3/6 Arme 1-6
1-2  Erstbelastung Durchm. (D;) 111.535mm  110.007 mm 112577 mm  111.373 mm
Zyklus Start: 259 kPa Def. (AD) 5.406 mm 5.137 mm 4.821 mm 5.121 mm
Zyklus Ende: 827 kPa Schermod. (G) 6 MPa 6 MPa 7 MPa 6 MPa
Scherbeanspr. (AP): 568 kPa E-Modul (E) 15 MPa 15 MPa 18 MPa (15 MPa
3-4  Entlastung Durchm. (Ds) 118.384mm 116569 mm 118620 mm  117.858'mm’
Zyklus Start: 860 kPa Def. (AD) -0.604 mm -0.489 mm -0.338 mm -0.480 mm
Zyklus Ende: 252 kPa Schermod. (G) 60 MPa 71 MPa 107 MPa 75 MPa
Scherbeanspr. (AP): -608 kPa E-Modul (E) 150 MPa 178 MPa 268 MPa 188 MPa
4-5  Wiederbelastung Durchm. (D;) 117.780mm  116.070 mm  118.282mm  117.377 mm
Zyklus Start: 252 kPa Def. (AD) 0.826 mm 0.777 mm 0.528 mm 0.710 mm
Zyklus Ende: 861 kPa Schermod. (G) 43 MPa 45 MPa 68 MPa 50 MPa
Scherbeanspr. (AP): 609 kPa E-Modul (E) 108 MPa 113 MPa 170 MPa 125 MPa '
6-7  Erstbelastung Durchm. (D5) 118708 mm 116.949mm 118.913mm 118.190 mm
Zyklus Start: 860 kPa Def. (DD) 0.949 mm 0.946 mm 0.736 mm 0.877 mm
Zyklus Ende: 1'008 kPa Schermod. (G) 9 MPa 9 MPa 12 MPa 10 MPa
Scherbeanspr. (DP): 149 kPa E-Modul (E) 23 MPa 23 MPa 30 MPa 25 MPa
8-9  Entlastung Durchm. (D7) 121.656 mm  119.838 mm 121.198 mm  120.897 mm
Zyklus Start: 1'012 kPa Def. (DD) -0.052 mm -0.045 mm -0.033 mm -0.043 mm
Zyklus Ende: 848 kPa Schermod. (G) 192 MPa 218 MPa 301 MPa 231 MPa
Scherbeanspr. (DP): -164 kPa E-Modul (E) 480 MPa 545 MPa 753 MPa 578 MPa -

51-1657 Dilato Bohrung 0601.xIs, 8.84m, 04.08.2006, 14:44
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SCREEN DUMP Test: B6T2 Date: 12/07/06 Depth: 8.95m

Dilatometerversuche ausgefuehrt durch die Abt. Messtechnik

der Stump ForaTec AG.

www . stump.ch

messtechnik@stump.ch
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SCREEN DUMP Test: B6T2 Date: 12/07/06 Depth: 8.95m
Dilatometerversuche ausgefuehrt durch die Abt. Messtechnik
der Stump ForaTec AG. www.stump.ch messtechnik@stump.ch
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SCREEN DUMP Test: B6T2 Date: 12/07/06 Depth: 8.95m

Dilatometerversuche ausgefuehrt durch die Abt. Messtechnik

der Stump ForaTec AG. www.stump.ch

messtechnik@stump.ch
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SCREEN DUMP Test:

B6T2 Date:

12/07/06

Depth:

8.95m

Dilatometerversuche ausgefuehrt durch die Abt. Messtechnik

der Stump ForaTec AG.

www.stump.ch

messtechnik@stump.ch
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Brattashang, St. Moritz

B6/Test3

Dilatometerversuche

Datum: 12, 07. 2006
Tiefe: 13.90 m

Azimut; 239 °
Wasserdruck: 0 kPa

Sondendurchm. (Dggng.): 85.0 mm
Poissonzahl (v): 0.25

Punkt Druck

Arm 1

Arm 2

Arm 3 Arm 4 Arm 5 Arm 6
1 108 kPa 0.454 mm 0.943 mm 0.855 mm 0.385 mm 0.146 mm 0.537 mm
2 231 kPa 1.708 mm 2.755 mm 1.772 mm 1.174 mm 0.982 mm 1.679 mm
3 227 kPa 1.749 mm 2.813 mm 1.812 mm 1.225 mm 1.032 mm 1.733 mm
4 105 kPa 1.694 mm 2.792 mm 1.750 mm 1.183 mm 1.008 mm 1.681 mm
Stufe Arme 1/4 Arme 2/5 Arme 3/6 Arme 1-6

1-2  Erstbelastung Durchm. (D4) 95.839 mm 96.089 mm 96.392 mm 96.107 mm
Zyklus Start: 108 kPa Def. (AD) 2.043 mm 2.648 mm 2.059 mm 2250 mm-

Zyklus Ende: 231 kPa Schermod. (G) 3 MPa 2 MPa 3MPa ~  3MPa
Scherbeanspr. (AP): 123 kPa E-Modul (E) 8 MPa 5 MPa 8 MPa 8 MPa
3-4  Entlastung Durchm. (D;)  97.974mm  98.845mm  98.545 mm 98.455 mm
Zyklus Start: 227 kPa Def. (AD) -0.097 mm -0.045 mm -0.114 mm -0.085 mm

Zyklus Ende: 105 kPa Schermod. (G) 62 MPa 134 MPa 53 MPa 71 MPa
Scherbeanspr. (AP): -122 kPa E-Modul (E) 155 MPa 335 MPa 133 MPa 178 MPa

51-1657 Dilato Bohrung 0601.xis, 13.90m, 04.08.2006, 13:40
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SCREEN DUMP Test: B6T3 Date: 13/07/06 Depth: 13.90m
Dilatometerversuche ausgefuehrt durch die Abt. Messtechnik
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SCREEN DUMP Test: B6T3

Date: 13/07/06 Depth:

13.90m

Dilatometerversuche ausgefuehrt durch die Abt. Messtechnik
messtechnik@stump.ch

der Stump ForaTec AG.

www.stump.ch
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SCREEN DUMP Test: B6T3 Date: 13/07/06 Depth: 13.90m
Dilatometerversuche ausgefuehrt durch die Abt. Messtechnik
der Stump ForaTec AG. www.stump.ch messtechnike@stump.ch
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SCREEN DUMP Test: B6T3 Date: 13/07/06 Depth: 13.90m
Dilatometerversuche ausgefuehrt durch die Abt. Messtechnik
der Stump ForaTec AG. www.stump.ch messtechnik@stump.ch
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Anhang A2

Beschrieb der Dilatometersonde

BE51-1657.doc, 04.08.06
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Stump ForaTec AG
Abt. Messtechnik
Dép. technique de mesure  Dip. tecnica di misurazione ®

—zz  High Pressure Dilatometer

Adapter fiir
Bohrgestinge

e Cambridge Insitu
e 93/95mm

Beschreibung

Die Dilatometersonde Cambridge Insitu wurde konzipiert , um die
Festigkeit von Erdreich (z.B. feste Tone, kompakte Sande) und von
Gesteinen zu bestimmen.

Wéhrend dem Versuch wird die Vergrésserung des

Bohrlochdurchmessers gemessen. Diese wird durch eine mittels
St Druckluft (oder Hydraulikdl) aufgeweitete Gummi-membrane
fameilen verursacht.

S B

PRI

Y

Sechs gleichmassig auf einer horizontalen Ebene angeordnete
Wegaufnehmer messen die Deformation des Untergrundes. Die
Digitalisierung der Messwerte erfolgt bereits in der Sonde. Die
S geografische Orientierung der Geber wird durch einen eingebauten
elektrischen Kompass ermittelt. Alle 10 Sekunden werden die Werte
der Druck- und Wegaufnehmer automatisch registriert. Da keine
Volumenanderung, sondern direkt die Deformation gemessen wird,

Wegainshmar ist es nicht nétig die Messwerte zu korrigieren, ausser fir die
(6 Stuck) Membransteifheit.

Der Druck wird direkt in der Sonde gemessen, um

H Druckaufnehmer Druckunterschiede auszuschliessen. Der Arbeitsdruck betragt bis zu
2 8ol 20MPa (200bar).

Der Versuch wird in einem vorgebohrtem Loch mit 96 oder 101mm
Durchmesser durchgefithrt, In nicht standfahigen Béden muss die
Bohrung mit Bentonit-suspension  stabilisiert werden oder
auszementiert und nachgebohrt werden.

Technische Daten
Bohrdurchmesser: 96mm(HQ), 101mm(CHD)
Ausdehnung, max. Durchmesser: 140mm
AD Wandler Auflésung der Wegaufnehmer: 0.001mm
Arbeitsdruck max.: 20MPa
Auflésung der Druckaufnehmer: 0.001MPa
Kompass Durchmesser der Sonde: 93 oder 95mm
Lénge der Sonde: 2030mm
Expansionsldnge der Membrane: 575mm

Internet: www.stump.ch E-mail: messtechnik @ stump.ch
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Anhang A3

CD-Rom mit Datenfiles

BES1-1657.doc, 04.08.06
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Die CD-Rom mit Datenfiles:

“51-1657
Brattashang
St. Moritz
Dilatometerversuche”
Sambeth und Welfensberger (2006)

befindet sich am Institut flr Geotechnik, Walfgang-Pauli-Str. 15, 8093
Ziurich und kann jederzeit eingesehen oder zugestellt werden.
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Appendix ll1:

Marchetti S., Monaco P., Totani G. and Calabrese M. (2001)

“The Flat Dilatometer Test (DMT) in soil investigations”

Report by the ISSMGE Committee TC16.
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International Society for Soil Mechanics and Geotechnical
Engineering (ISSMGE)

The Flat Dilatometer Test (DMT)
in Soil Investigations

Report of the ISSMGE
Technical Committee 16
on
Ground Property Characterisation from In-situ Testing

2001

IN SITU 2001, Intnl. Conf. On In situ Measurement of Soil Properties, Bali, Indonesia
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The Flat Dilatometer Test (DMT) in soil investigations
A Report by the ISSMGE Committee TC16

Marchetti S., Monaco P., Totani G. & Calabrese M.

University of L'Aquila, Italy

TC16 (2001) - Marchetti S., Monaco P.,
Totani G. & Calabrese M. "The Flat
Dilatometer Test (DMT) in Soil Investiga-
tions" A Report by the ISSMGE Committee
TC16. Proc. IN SITU 2001, Inml. Conf. On
In situ Measurement of Soil Properties, Bali,
Indonesia, May 2001, 41 pp.

ABSTRACT: This report presents an overview of the DMT equipment, testing procedure, interpretation and
design applications. It is a statement on the general practice of dilatometer testing and is not intended to be a

standard.

FOREWORD

This report on the flat dilatometer test is issued under
the auspices of the [SSMGE Technical Committee
TC16 (Ground Property Characterization from In-
Situ Testing). It was authored by the Geotechnical
Group of L'Aquila University with additional input
from other members of the Committee.

The first outline of this report was presented and
discussed at the TC16 meeting in Atlanta — ISC '98
(April 1998). The first draft was presented and
discussed at the TC16 meeting in Amsterdam — 12™
ECSMGE (June 1999).

Members of the Committee and practitioners were
invited to review the draft and provide comments.
These comments have been edited and taken into
account by the original authors and incorporated in
this report.

AIMS OF THE REPORT

This report describes the use of the flat dilatometer

test (DMT) in soil investigations. The main aims of

the report are:

— To give a general overview of the DMT and of its
design applications

— To provide "state of good practice” guidelines for
the proper execution of the DMT

— To highlight a number of significant recent findings
and practical developments.

This report is not intended to be (or to originate in

the near future) a Standard or a Reference Test

Procedure (RTP) on DMT execution.

Efforts have been made to preserve similarities in
format with previous reports of the TC16 and other
representative publications concerning in situ testing.

The content of this report is heavily influenced by
the experience of the authors, who are responsible for
the facts and the accuracy of the data presented
herein.

Efforts have been made to keep the content of the
report as objective as possible.

Occasionally subjective comments, based on the
authors experience, have been included when
considered potentially helpful to the readers.

SECTIONS OF THIS REPORT

PART A — PROCEDURE AND OPERATIVE ASPECTS

1. BRIEF DESCRIPTION OF THE FLAT
DILATOMETER TEST

2. DMT EQUIPMENT COMPONENTS

FIELD EQUIPMENT FOR INSERTING THE

DMT BLADE

MEMBRANE CALIBRATION

DMT TESTING PROCEDURE

REPORTING OF TEST RESULTS

CHECKS FOR QUALITY CONTROL

DISSIPATION TESTS

w

e

PART B — INTERPRETATION AND APPLICATIONS

9. DATA REDUCTION AND INTERPRETATION

10. INTERMEDIATE DMT PARAMETERS

11. DERIVATION OF GEOTECHNICAL
PARAMETERS

12. PRESENTATION OF DMT RESULTS

13. APPLICATION TO ENGINEERING
PROBLEMS

14. SPECTAL CONSIDERATIONS

15. CROSS RELATIONS WITH RESULTS FROM
OTHER IN SITU TESTS

BACKGROUND AND REFERENCES
BACKGROUND

The flat dilatometer test (DMT) was developed in
[taly by Silvano Marchetti. It was initially introduced
in North America and Europe in 1980 and is
currently used in over 40 countries.
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The DMT equipment, the test method and the
original correlations are described by Marchetti
(1980) "I Situ Tests by Flat Dilatometer", ASCE Inl
GED, Vol. 106, No. GT3. Subsequently, the DMT
has been extensively used and calibrated n soil
deposits all over the world.

Basic DMT REFERENCES / KEY PAFERS

Various infernational standards and manuals are
available for the DMT. An ASTM Suggested Method
wasg puhblished in 1986, A "Standard Test Method for
Performing the Flat Plate Dilatometer” iz cirrently
being prepared by ASTM (approved Draft 2001).
The test procedure iz also standardized in the
Barocode 7 (1997, National standards have also
been developed i various countriss (e.g. Germany,
Sweden). A comprehensive manual on the DMT was
prepared for the United States Department of
Transportation (U3 DOT) by Briand & Miran in
1992, Design applications and new dewvelopments are
covered in detail in a state of the at report by
Marchetti (19973, A lisr of selected comprehensive
DMT references is given here below,

STANDARDS

A5 TM Subeornrmittes I 18.02.10 - Schrnertmann, J.H.,
Chairman (1988). "Suggested Method for Performing the
Hlat Dilatorneter Test". ASTM Geotechnical Testing Journal,
Vol 8, Mo, 2, hme,

Bumocode 7 (1957). Geotechrical design - Part 3: Design
azsisted by field festing, Section 9: Flat dilatometer test
[DMT).

MaNpALs

Marchetti, 8. & Crapps, DLE (1981) "Hat Dilatometer
Manual". Intemal Reportof G.P.E Ine.

Schmertmann, J.H. {1988). Rept. No. FHWA-PA-B7-022+84-
24 to ParmDOT, Office of Regearch and Special Studiss,
Harrisburg, FA, in4 volurmnes.

UZ DOT - Briaud, J.L. & Miran, T (1992), "The Fat
Dilaterneter Tast". Departrn. of Transportation - Fad.
Highway Administr., Washington, D.C., Publ. Mo, FHWA-
34-91044 102 pp.

STATE OF THEART REPORTS

Lurne, T., Lacasse, 3. & Rad M.3. (1989). "State of the Art
Reporton In Sitn Testing of Scils”. Proc. XI1 ICSMFEE, Rio
da Janeimo, Wol 4.

Lutenagear, A J. (1988). "Current status of the Marchett
dil atorneter test”. Special Lectime, Proe. [ISOPT-1, Orando,
Vel 1.

Mlarchetti, 3. (1967) " The Flat Dilatometer: Desgn
Applications”. Proe. Third Intemational Geotechrncal
Engineering Conferenve. Keyrote lectime, Caito Urniversty,
28 pp.

CONFERENCES, SEMINARS, COURSES

Several conferences, seminars and courses have been
dedicated to the DMT. The most important are
menticned here below,

— First International Conference on the Flat Dilatormeter,
Edmonton, Alberta (Canada), Feb. 1983,

— One-day Short Course on the DMT held by 3. Marchetti in
Atlanta (GA), US4, in connection with the First
nternational Conferencs on Site Characterization (13C'98),
Apr. 1998,

— International Serminar on " The Flat Dilatometer and its
Applications to Gectechrical Design® held by 3. Marchett
atthe Japaness Gectechiical Seciety, Tokyo, Feb. 1990

DMT ON THE INTERNET

Key papers on the DMT can be downloaded from the
bibliographic site: httpeffarww. marchetti-dmt. it

PART A

PROCEDURE AND OPERATIVE ASPECTS

1. BRIEF DESCRIPTION OF THE FLAT
DILATOMETER TEST

The flat dilatometer is a stainless steel blade having a
flat, circular steel membrane mourted flush on one
side (Fig. 1).

The blade is cormected to a control unit on the
ground sirface by a pneumatic-electrical abe
(ransmitting gas pressure and electrical continuity)
ranning through the insertion rods. A gas tank,
conngcted to the confrol unit by a pneumatic cable,
supplies the gas presaure required to expand the
membrare. The confrol unit is equipped with a
pressure regulator, pressre gage(s), an audio-visual
signal and vent valves.

k u

Fig, 1, The flat dilatometer - Front and side view
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Push force provided by
penetrometer or drill
rig or other equipment

Po P

L1 mm

1. Dilatometer blade
2. Push rods (eg.: CPT) 5. Pneumatic cable
3. Pneumatic - electric eable 6. Gas tank

7. Expansion of the membrane

4. Control box

Fig. 2. General layout of the dilatometer test

The blade is advanced into the ground using common
field equipment, i.e. push rigs normally used for the
cone penetration test (CPT) or drill rigs. Push rods
are used to transfer the thrust from the insertion rig
to the blade.

The general layout of the dilatometer test is shown
in Fig. 2. The test starts by inserting the dilatometer
into the ground. Soon after penetration, by use of the
control unit, the operator inflates the membrane and
takes, in about 1 minute, two readings:

1) the A-pressure, required to just begin to move the
membrane against the soil ("lift-off")

2) the B-pressure, required to move the center of the
membrane 1.1 mm against the soil.

A third reading C ("closing pressure") can also

optionally be taken by slowly deflating the membrane

soon after B is reached.

The blade is then advanced into the ground of one
depth increment (typically 20 cm) and the procedure
for taking A, B readings repeated at each depth.

The pressure readings A, B are then corrected by
the values AA, AB determined by calibration to take
into account the membrane stiffness and converted
into po, pi.

The field of application of the DMT is very wide,
ranging from extremely soft soils to hard soils/soft
rocks. The DMT is suitable for sands, silts and clays,

where the grains are small compared to the
membrane diameter (60 mm). It is not suitable for
gravels, however the blade is robust enough to cross
gravel layers of about 0.5 m thickness.

Due to the balance of zero pressure measurement
method (null method), the DMT readings are highly
accurate even in extremely soft - nearly liquid soils.
On the other hand the blade is very robust (can safely
withstand up to 250 kN of pushing force) and can
penetrate even soft rocks. Clays can be tested from
¢y = 2-4 kPa up to 1000 kPa (marls). The range for
moduli M is from 0.4 MPa up to 400 MPa.

2. DMT EQUIPMENT COMPONENTS

The basic equipment for dilatometer testing consists
of the components shown in Fig. 2.

2.1 DILATOMETER BLADE

2.1.1 Blade and membrane characteristics

The nominal dimensions of the blade are 95 mm
width and 15 mm thickness. The blade has a cutting
edge to penetrate the soil. The apex angle of the edge
is 24° to 32°. The lower tapered section of the tip is
50 mm long. The blade can safely withstand up to
250 kN of pushing thrust.

The circular steel membrane is 60 mm in diameter.
Its normal thickness is 0.20 mm (0.25 mm thick
membranes are sometimes used in soils which may
cut the membrane). The membrane is mounted flush
on the blade and kept in place by a retaining ring.

2.1.2 Working principle

The working principle of the DMT is illustrated in

Fig. 3 (see also the photo in Fig. 4). The blade works

as an electric switch (on/off). The insulating seat

prevents electrical contact of the sensing disc with the
underlying steel body of the dilatometer. The sensing
disc is stationary and is kept in place press-fitted
inside the insulating seat. The contact is signaled by
an audio/visual signal. The sensing disc is grounded

(and the control unit emits a sound) under one of the

following circumstances:

1) the membrane rests against the sensing disc (as
prior to membrane expansion)

2) the center of the membrane has moved 1.1 mm
into the soil (the spring-loaded steel cylinder
makes contact with the overlying sensing disc).

There is no electrical contact, hence no signal, at

intermediate positions of the membrane.

When the operator starts increasing the internal
pressure (Fig. 3), for some time the membrane does
not move and remains in contact with its metal
support (signal on). When the internal pressure
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WORKING PRINCIPLE

STAINLESS
STEEL
MEMBRANE
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Peas CONTACT INSULATING

SEAT

DT
Py

Fig. 4. Particular of the DMT blade

counterbalances the external soil pressure, the
membrane initiates its movement, losing contact with
its support (signal off). The interruption of the signal
prompts the operator to read the "lift-off" A-pressure
(later corrected into py). The operator, without
stopping the flow, continues to inflate the membrane
(signal off). When the central movement reaches 1.1
mm the spring-loaded steel cylinder touches (and
grounds) the bottom of the sensing disc, reactivating
the signal. The reactivation of the signal prompts the
operator to read the "full expansion" B-pressure
(later corrected into p;).

The top of the sensing disc carries a 0.05 mm feeler
having the function to improve the definition of the
lift-off of the membrane, i.e. the instant at which the
electrical circuit is interrupted.

The fixed-displacement system insures that the
membrane expansion will be 1.10 mm + 0.02 mm
regardless of the care of the operator, who cannot
vary or regulate such distance. Only calibrated quartz
(once plexiglas) cylinders (height 3.90 + 0.01 mm)
should be used to insure accuracy of the prefixed
movement.

NOTE: Remarks on the DMT working principle

— The membrane expansion is not a load controlled
test - apply the load and observe settlement - but a
displacement controlled test - fix the displacement
and measure the required pressure. Thus in all soils
the central displacement (and, at least
approximately, the strain pattern imposed to the
soil) is the same.

— The membrane is not a measuring organ but a
passive separator soil-gas, The measuring organ is
the gage at ground surface. The accuracy of the
measurements is that of the gage. The zero offset
of the gage can be checked at any time, being at
surface. A low range pressure gage can be used,
e.g. in very soft soils, to increase accuracy to any
desired level.

— The method of pressure measurement is the

balance of zero (null method), providing high

accuracy.

The blade works as an electric switch (on/off),

without electronics or transducers.

— Given the absence of delicate or regulable
components, no special skills are required to
operate the DMT.

2.2 CONTROL UNIT
2.2.1 Functions and components
The control unit on ground surface is used to
measure the A, B (C) pressures at each test depth.
The control unit (Fig. 5) typically includes two
pressure gages, a pressure source quick connect, a
quick connect for the pneumatic-electrical cable, an
electrical ground cable connection, a galvanometer
and audio buzzer signal (activated by the electric
switch constituted by the blade) which prompt when
to read the A, B (C) pressures, and valves to control
gas flow and vent the system.

Fig. 5. Control unit
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2.2.2 Pressure gages

The two pressure gages, connected in parallel, have
different scale ranges: a low-range gage (1 MPa),
self-excluding when the end of scale is reached, and a
high-range gage (6 MPa). The two-gage system
ensures proper accuracy and, at the same time,
sufficient range for various soil types (from very soft
to very stiff).

According to Eurocode 7 (1997), the pressures
should be measured with a resolution of 10 kPa and a
reproducibility of 2.5 kPa, at least for pressures lower
than 500 kPa. Gages should have an accuracy of at
least 0.5 % of span.

In case of discrepancy between the two gages,
replace the malfunctioning gage or correct as
appropriate. In case of single-gage (old control
units), the gage should be periodically calibrated.

Though the control unit is encased in an aluminium
carrying case, it should be handled with care to avoid
damaging the gages.

2.2.3 Gas flow control valves
The valves on the control unit panel permit to control
the gas flow to the blade.

The main valve provides a positive shutoff between
the gas source and the blade-control unit system. The
micrometer flow valve is used to control the rate of
flow during the test. It also provides a shutoff
between the source and the DMT system (anyway it
is advisable to close the main valve and to open the
toggle vent valve if the control unit is left unattended
for some time). The foggle vent valve allows the
operator to vent quickly the system pressure to the
atmosphere. The slow vent valve allows to vent the
system slowly for taking the C-reading.

2.2.4 Electrical circuit

The electrical circuitry in the control unit has the
scope of indicating the on/off condition of the blade-
switch. It provides both a visual galvanometer and an
audio buzzer signal to the operator. The buzzer is on
when the blade is in the short circuit condition, i.e.
collapsed against the blade or fully expanded. The
buzzer is off when between these two positions. The
transitions from buzzer on to off and then off to on as
the membrane expands are the prompts for the
operator to take respectively the A and B pressure
readings.

A 9-Volt battery supplies electrical power to the
wire inside the pneumatic-electrical cable quick-
connect. The power is returned at the ground cable
jack if the blade is in the short circuit condition.

A test button permits to check the vitality of the

battery and the operation of the galvanometer and
buzzer. Note that it simply shorts across the blade
portion of the circuit and hence provides no
information about the status of the blade, the
pneumatic-electrical cable or the ground cable. If
annoyed by the sound during test delays, the operator
may disable the buzzer. However, quieting the buzzer
involves the risk of missing the prompts to take the
readings and overinflating the membrane.

2.3 PNEUMATIC-ELECTRICAL CABLE

The pneumatic-electrical (p-e) cable provides

pneumatic and electrical continuity between the

control unit and the dilatometer blade. It consists of a

stainless steel wire enclosed within nylon tubing with

special metal connectors at either end. Two different

cable types are normally used (Fig. 6):

— Non-extendable cable: this cable has an insulated
male metal connector for the DMT blade on one
end, and a non-insulated quick-connect for
attachment to the control unit on the other end.
The cable length (minus a working length at the
surface) limits the maximum sounding depth: once
the test depth is such that all the cable is inside the
soil, the cable cannot be extended and the test must
be stopped. This inconvenience is balanced by the
simplicity of the cable and its lower cost.

— Extendable cable: by using an extendable cable,
the operator may connect additional cable(s) as
needed during the sounding. The female terminal of
such cable (insulated) cannot fit directly into the
corresponding quick connector in the control unit.
Therefore a cable leader (or short connector
cable) permitting such a connection must be used
in conjunction with this cable. This short adaptor is
removed when a new cable is added. Though
slightly more complex, this type of cable provides
the operator with greater flexibility.

The proper type and length of cable should be chosen

based on the expected sounding depth. For ease of

handling and to minimize pressure lag at the control
unit gage, always use the shortest length practical.

=0 q =
To control Non extendable cable To DMT
unit blade

=~ E b———d I~

Cable leader

Extendable cable

Fig. 6. Types of pneumatic-electrical cables
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Short cables are easier to handle, but require
junctions. Junctions normally work well and do not
represent a problem as long as care is exercised to
avoid particles of soils getting into the conduits.

To keep contaminants out, the terminals and
connectors must always be protected with caps when
disconnected.

The metal connectors are electrically insulated from
the inner wire to prevent a short circuit in the ground
and sealed by washers to prevent gas leakage.

The cables and terminals are not easily repairable in
the field.

2.4 GAS PRESSURE SOURCE

The pressure source is a gas tank equipped with a
pressure regulator, valves and pneumatic tubing to
connect to the control unit.

The pressure regulator (suitable to gas type) must
be able to supply a regulated output pressure of at
least 7-8 MPa.

When testing in most soils the output pressure is set
at 3-4 MPa. In very hard soils the output pressure is
further increased (without exceeding the high-range
gage capacity).

Any non flammable, non corrosive, non toxic gas
may be used. Compressed nitrogen or compressed air
(scuba tanks) are most generally used.

Gas consumption increases with applied pressure
(A, B readings) and test depth (cable length). In
"average" soils a scuba size tank (= 0.6 m high),
initially at 15 MPa, contains gas to perform
approximately 70-100 m of "standard" sounding (=
one day of testing). In general, it is more economical
and efficient to have a large tank (= 1.5 m high) when
more than one day of testing is anticipated.

2.5 ELECTRICAL GROUND CABLE

The ground cable provides electrical continuity
between the push rods and the control unit. It returns
to the control unit the simple on/off electrical power
carried to the blade by the pneumatic-electrical cable.

3. FIELD EQUIPMENT FOR INSERTING
THE DMT BLADE

3.1 PUSHING EQUIPMENT
The dilatometer blade is advanced into the ground
using common field equipment.

The blade can be pushed with a cone penetrometer
rig or with a drill rig (Fig. 7).

The penetration rate is usually 2 cm/s as in the CPT
(for DMT rates from 1 to 3 cm/s are acceptable, see
Eurocode 7 1997).

DMT USING A
PENETROMETER

SLOTTED ADAPTER
ALLOWING LATERAL
EXIT OF CABLE

DMT USING A
DRILL RIG

PNEUMATIC
ELECTRIC

/ CABLE

CONTROL BOX
/

Fig. 7. Equipment for inserting the DMT blade

The DMT can also be driven, e.g. using the SPT
hammer and rods, but statical push is by far
preferable.

Heavy truck-mounted penetrometers are
incomparably more efficient than drill rigs. Moreover
the soil provides lateral support to the rods (which is
not the case in a borehole). Pushing the blade with a
20 ton penetrometer truck is most effective and yields
the highest productivity (up to 80 m of sounding per
day).

Drill rigs or light rigs may be used only in soft soils
or to very short depths. In all other cases (especially
in hard soils) light rigs may be inadequate and source
of problems. However drill rigs may be necessary in
soils containing occasional boulders or hard layers,
where the obstacle-destroying capability will permit
to continue the test past the obstacle.

When the DMT sounding is resumed after
preboring, the initial test results, obtained in the zone
of disturbance at hole bottom (= 3 to 5 borehole
diameters), should be regarded with caution.

When the DMT is performed inside a borehole, the
diameter of the borehole (and casing, if required)
should be as small as possible to minimize the risk of
buckling (possibly 100-120 mm).

In all cases the penetration must occur in "fresh”
(not previously penetrated) soil. The minimum
recommended distance from other nearby DMT (or
CPT) soundings is 1 m (25 diameters from
unbackfilled/uncased borings).
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NOTE: Possible problems with light rigs

Possible problems with light rigs (such as many SPT

rigs) are:

— Light rigs have typically a pushing capacity of only
2 tons, hence refusal is found very soon (often at
1-2 m depth).

— Often there is no collar near ground surface (i.e. no
ground surface side-guidance of the rods).

— There is a hinge-type connection in the rods just
below the pushing head, which permits excessive
freedom and oscillations of the rods inside the hole.

— The distance between the pushing head of the rig
and the bottom of the hole is several meters, hence
the free/buckling length of the rods is high. In some
cases the loaded rods have been observed to
assume a "Z" shape.

— Oscillations of the rods may cause wrong results.
In case of short penetration in hard layers it was
occasionally observed that the "Z" shape of the
rods suddenly reverted to the opposite side. This is
one of the few cases in which the DMT readings
may be instrumentally incorrect: oscillations of the
rods cause tilting of the blade, and the membrane is
moved without control close to/far from the soil.

NOTE: Pushing vs driving

Various researchers (US DOT 1992, Schmertmann
1988) have observed that "hammer-driving alters the
DMT results and decreases the accuracy of
correlations”, i.e. the insertion method does affect the
test results, and static penetration should be
preferred.

According to ASTM (1986), in soils sensitive to
impact and vibrations, such as very loose sand or
very sensitive clays, dvnamic insertion methods can
significantly change the test results compared to
those obtained using a static push. In general,
structurally sensitive soils will appear conservatively
more compressible when tested using dynamic
insertion methods. In such cases the engineer may
need to check such dynamic effects and, possibly,
calibrate and adjust test interpretation accordingly.
US DOT (1992) recommends that, if the driving
technique is used, as a minimum 2 soundings be
performed side by side, one by pushing and one by
driving. This would give a site/soil specific
correlation, which would allow to get back to the
parameters obtained from correlations based on the
pushing insertion (with added imprecision, however).

According to Eurocode 7 (1997), driving should be
avoided except when advancing the blade through
stiff or strongly cemented layers which cannot be
penetrated by static push.

3.2 PUSH RODS

While in principle any kind of rod can be used, most
commonly CPT rods or drill rig rods are employed.

A friction reducer is sometimes used. However the
consequent reduction in rod friction is moderate,
because of the multi-lobate shape of the cavity
produced in the penetrated soil by the blade-rod
system.

If used, the friction reducer should be located at
least 200 mm above the center of the membrane
(Eurocode 7 1997).

NOTE: Use of stronger rods

Many heavy penetrometer trucks performing DMT
are today also equipped with rods much stronger than
the common 36 mm CPT rods. Such stronger rods
are typically 44 to 50 mm in diameter, 1 m length,
same steel as CPT rods (yield strength > 1000 MPa).
A very suitable and convenient type of rod is the
commercially available 44 mm rod used for pushing
15 cm’ cones.

The stronger rods have been introduced since the
rods are "the weakest element in the chain” when
working with heavy trucks and the current high
strength DMT blades, able to withstand a working
load of approximately 250 kN.

The stronger rods have several advantages:

— Capability of penetrating through cemented
layers/obstacles.

— Better lateral stability against buckling in the first
few meters in soft soils or when the rods are
pushed inside an empty borehole.

— Possibility of using completely the push capacity of
the truck.

— Reduced risk of deviation from the verticality in
deep tests.

— Drastically reduced risk of loosing the rods.

Obvious drawbacks are the initial cost and the
heavier weight. Also, their use may not be convenient
in OC clay sites because of the increased skin friction.

3.3 ROD ADAPTORS

The DMT blade is connected to the push rods by a
lower adaptor (Fig. 8).

The most common adaptor has its top connectable
to CPT rods, its bottom connectable to the DMT
blade (ending cylindrical male M27x3mm).

If rods other than CPT rods are used, specific
adaptors need to be prepared (see Fig. 8).

An upper slotted adaptor is also needed to allow
lateral exit of cable, otherwise pinched by the pushing
head.
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Fig. 8. Lower adaptor connecting the DMT blade
to the push rods

When using a CPT truck, a DMT sounding normally
starts from the ground surface, with the tube running
inside the rods (Fig. 9a, left).

When testing starts from the bottom of a borehole,
the pneumatic-electrical (p-e) cable can either run all
the way up inside the rods, or can exit laterally from
the rods at a suitable distance above the blade (Fig.
9a, right). In this case an additional intermediate
slotted adaptor is needed to permit egress of the
cable (Fig. 9a, right). Above this point the cable is
taped to the outside of the rods at 1-1.5 m intervals
up to the surface.

The torpedo-like bottom assembly in Fig. 9a is
composed by the blade, 3 to 5 m (generally) of rods
and the intermediate slotted adaptor. The "torpedo”
is pre-assembled and then mounted at the end of the
rods each time. The "torpedo"” arrangement speeds
production, since it is easier to handle the upper rods
free from the cable.

Since the unprotected cable is vulnerable, the
intermediate slotted adaptor needs a special collar
(Fig. 9b). The collar has a vertical channel for the
cable and has a diameter larger than the upper rods so
as to insure a free space between the upper rods and
the casing. The operator should not allow the slotted
adaptor and the exposed cable to penetrate the soil,
thus limiting the test depth to the length of rods
threaded at the bottom.

4. MEMBRANE CALIBRATION

4.1 DEFINITIONS OF AA AND AB
The calibration procedure consists in obtaining the
AA and AB pressures necessary to overcome

.
a %, Taped p-e
cable

%/ See detail

Torpedo

(a)

Collar with an open slot
{through collar only) to
protect the cable

WRONG

=

(=)

I‘\
4
"Buttonhale"

#A

=
View with the View with the Without the slotted
slot on the front slot lateral collar, the unprotected

cable could be damaged

(b)

Fig. 9. (a) Possible exits of the cable from the rods
(b) Intermediate slotted adaptor joining the
upper push rods to the torpedo-like bottom
assembly of blade and rods

membrane stiffness. AA and AB are then used to
correct the A, B readings.

Note that in air, under atmospheric pressure, the
free membrane is in an intermediate position between
the A and B positions, because the membranes have a
slight natural outward curvature (Fig. 10).

AA is the external pressure which must be applied
to the membrane, in free air, to collapse it against its
seating (i.e. A-position). AB is the internal pressure
which, in free air, lifts the membrane center 1.1 mm
from its seating (i.e. B-position).

Various aspects related to the membrane calibration
are described in detail by Marchetti (1999) and
Marchetti & Crapps (1981).
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Fig. 10. Positions of the membrane (free, A and B)

NOTE: Meaning of the term "calibration”

The membrane calibration is not, strictly speaking, a
calibration, since the term calibration usually refers
to the scale of a measuring instrument. The
membrane, instead, is a passive separator gas/soil and
not a measuring instrument. Actually the membrane is
a "tare" and the "calibration” is in reality a "tare
determination".

4.2 DETERMINATION OF AA AND AB
AA and AB can be measured by a simple procedure
using a syringe to generate vacuum or pressure.

During the calibration the high pressure from the
bottle should be excluded from the pneumatic circuit
by closing the main valve on the control unit panel.

To obtain AA: quickly pull back (almost fully) the
piston of the syringe, in order to apply the maximum
vacuum possible (the vacuum causes an inward
deflection of the membrane similar to that resulting
from the external soil pressure at the start of the test).
Hold the piston for sufficient time (at least 5 seconds)
for the vacuum to equalize in the system. During this
time the buzzer signal should become active. Then
slowly release the piston and read AA on the low-
range gage (gage vacuum reading at which the buzzer
stops, i.e. A-position). Note this negative pressure as
a positive AA value (e.g. a vacuum of 15 kPa should
be reported as AA = 15 kPa). The correction formula
for py (Eq. | in Section 9.2) is already adjusted to
take into account that a positive AA is a vacuum.

To obtain AB: push slowly the piston into the
syringe and read AB on the low-range gage when the
buzzer reactivates (i.e. B-position).

Repeat this procedure several times to have a
positive check of the values being read.

Membrane corrections AA, AB should be measured
before a sounding, after a sounding, whenever the
blade is removed from the ground.

AA, AB are usually measured, as a check, in the
office before moving to the field. However the initial
AA, AB to be used are those taken just before the
sounding (though the difference is generally
negligible). The final values of AA, AB must also be
taken at the end of the sounding.

The calibration values of an undamaged membrane
remain relatively constant during a DMT sounding.
Comparison of before/after values indicates the

condition of the membrane and a large difference
should prompt a membrane change. Therefore, the
calibration procedure is a good indicator of the
equipment condition, and consequently of the
expected quality of the data.

4.3 ACCEPTANCE VALUES OF AA AND AB

Acceptance values of AA, AB are indicated in

Eurocode 7 (1997).

— The initial AA, AB values must be in the following
ranges: AA =5 to 30 kPa, AB =5 to 80 kPa. If the
values of AA, AB obtained before inserting the
blade into the soil fall outside the above limits, the
membrane shall be replaced before testing.

— The change of AA or AB at the end of the sounding
must not exceed 25 kPa, otherwise the test results
shall be discarded.

Typical values of AA, AB are: AA = 15 kPa, AB =40

kPa.

AA, AB values also indicate when it is time to
replace a membrane. An old membrane needs not to
be replaced as long as AA, AB are in tolerance.

Indeed an old membrane is preferable, in principle,
to a new one, having more stable and lower AA, AB.
However, in case of bad wrinkles, scratches, etc. a
membrane should be changed even if AA, AB are in
tolerance (though AA, AB are not likely to be in
tolerance if the membrane is in a really bad shape).

4.4 CONFIGURATIONS DURING THE CALIBRATION

The membrane calibration (determining AA, AB) can

be performed in two configurations.

1) The first configuration (blade accessible, Fig. 11)
is adopted e.g. at the beginning of a sounding,
when the blade is still in the hands of the operator.

CLOSED DURING
CALIBRATION !

Fig. 11. Layout of the connections during
membrane calibration (blade accessible)
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The operator will then use the short calibration
cable, or the short calibration connector.

2) The second configuration (blade not readily
daccessible) is used when the blade is under the
penetrometer, and is connected to the control unit
as during current testing (Fig. 12) with cables of
normal length (say 20 to 30 m).

The calibration procedure is the same. The only

difference is that, in the second case, due to the

length of the DMT tubings, there is some time lag

(easily recognizable by the slow response of the

pressure gages to the syringe). Therefore, in that

configuration, AA, AB must be taken slowly (say 15

seconds for each determination).

4.5 EXERCISING THE MEMBRANE

The exercising operation is to be performed
whenever a new membrane is mounted. A new
membrane needs to be "exercised" in order to
stabilize AA, AB values (obtain AA, AB values which
will remain constant during the sounding).

The exercising operation simply consists in
pressurizing the blade in free air at about 500 kPa for
a few seconds two or three times.

If the membrane exercising is performed with the
blade submerged in water, it is possible to verify
blade airtightness.

After exercising, verify that AA, AB are in
tolerance: AA =5 to 30 kPa (typically 15 kPa), AB =
5 to 80 kPa (typically 40 kPa).

4.6 IMPORTANCE OF ACCURATE AA AND AB

The importance of accurate AA, AB measurements,
especially in soft soils, is pointed out by Marchetti
(1999). Inaccurate AA, AB are virtually the only
potential source of DMT instrumental error. Since
AA, AB are used to correct all A, B of a sounding,
any inaccuracy in AA, AB would propagate to all the
data.

The importance of AA, AB in soft soils derives from
the fact that, in the extreme case of nearly liquid
clays, or liquefiable sands, A and B are small
numbers, just a bit higher than AA, AB. Since the
correction involves differences between similar
numbers, accurate AA, AB are necessary in such soils.

AA, AB must be, as a rule, measured before and
after each sounding. Their average is subsequently
used to correct all A, B readings. Clearly, if the
variation is small, the average represents AA, AB
reasonably well at all depths. If the variation is large,
the average may be inadequate at some depths. In
fact, in soft soils, the operator can be sure that the
test results are acceptable only at the end of the

sounding, when, checking AA, AB final, he finds that
they are very similar to AA, AB initial.

In medium to stiff soils AA, AB are a small part of A
and B, so small inaccuracies in AA, AB have
negligible effect.

NOTE: How AA, AB can go out of tolerance

In practice the only mechanism by which AA, AB can
go out of tolerance is overinflating the membrane far
beyond the B-position. Once overinflated, a
membrane requires excessive suction to close (AA
generally > 30 kPa), and even AB may be a suction.

5. DMT TESTING PROCEDURE

5.1 PRELIMINARY CHECKS AND OPERATIONS
BEFORE TESTING

Select for testing only blades respecting the

tolerances (have available at least two). Similarly, use

only properly checked pieces of equipment.

Pre-thread the pneumatic-electrical (p-e) cable
through a suitable number of push rods and the
adaptors, During this operation keep the cable
terminals protected from dirt with the caps.

Wrench-tighten the cable terminal to the blade.
Connect the blade to the bottom push rod (with
interposed the lower adaptor). Avoid excessive twists
in the cable while making the connections.

Insert the electrical ground cable plug into the
"ground" jack of the control unit. Clip the other end
(electrical alligator clip) to the upper slotted adaptor
or to one of the push rods (not to the metal frame of
the rig, which may be not in firm electrical contact
with the rods).

The connections should be as indicated in Fig. 12
(but do not open the valve of the bottle yet!).

Fig. 12. Layout of the connections during current
testing

10




VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

Check the electrical continuity and the switch
mechanism by pressing the center of the membrane.
The signal should activate. If not, make the
appropriate repair.

Record the zero of the gage 7, (reading of the gage
for zero pressure) by opening the toggle vent valve
and read the pressure while tapping gently on the
glass of the gage.

Perform the calibration as described in detail in
Section 4.

With the gas tank valve closed, connect the
pressure regulator to the tank and set the regulated
pressure to zero (fully unscrew the regulating lever).

Connect the pneumatic cable from the gas tank
regulator to the control unit female quick connector
marked "pressure source”.

Make sure that: the main valve is closed, the toggle
vent valve is open and the micrometer flow valve is
closed.

Set the regulator so that the pressure supplied to
the control unit is about 3 MPa (this pressure can be
later increased if necessary). Open the tank valve.

Open the main valve. (This valve normally remains
always open during current testing. During current
testing the operator only uses the micrometer flow
valve and the vent valves).

5.2 STEP-BY-STEP TEST PROCEDURE (4, B, C
READINGS)

The DMT test basically consists in the following

sequence of operations.

1) The DMT operator makes sure that the
micrometer flow valve is closed and the toggle
vent vaive open, then he gives the go-ahead to the
rig operator (the two operators should position
themselves in such a way they can exchange
control and visual communication easily).

2) The rig operator pushes the blade vertically into
the soil down to the selected test depth, either
from ground surface or from the bottom of a
borehole. During the advancement the signal
(galvanometer and buzzer) is normally on because
the soil pressure closes the membrane. (The signal
generally starts at 20 to 40 cm below ground
surface).

3) As soon as the test depth is reached, the rig
operator releases the thrust on the push rods and
gives the go-ahead to the DMT operator.

4) The DMT operator closes the toggle vent valve
and slowly opens the micrometer flow valve to
pressurize the membrane. During this time he
hears a steady audio signal or buzzer on the
control unit. At the instant the signal stops (i.e.
when the membrane lifts from its seat and just

begins to move laterally), the operator reads the
pressure gage and records the first pressure
reading A.

5) Without stopping the flow, the DMT operator
continues to inflate the membrane (signal off) until
the signal reactivates (i.e. membrane movement =
1.1 mm). At this instant the operator reads at the
gage the second pressure reading B. After
mentally noting or otherwise recording this value,
he must do the following four operations:

1 - Immediately open the foggle vent valve to
depressurize the membrane.

2 - Close the micrometer flow valve to prevent
further supply of pressure to the dilatometer
(these first two operations prevent further
expansion of the membrane, which may
permanently deform it and change its
calibrations, and must be performed quickly
after the B-reading, otherwise the membrane
may be damaged).

3 - Give the rig operator the go-ahead to advance
one depth increment - generally 20 cm (the
toggle vent valve must remain open during
penetration to avoid pushing the blade with
the membrane expanded).

4 - Write the second reading 5.

Repeat the above sequence at each depth until the

end of the sounding. At the end of the sounding,

when the blade is extracted, perform the final
calibration.

If the C-reading is to be taken, there is only one
difference in the above sequence. In Step 5.1, after B,
open the slow vent valve instead of the fast roggle
vent valve and wait (approximately 1 minute) unil
the pressure drops approaching the zero of the gage.
At the instant the signal retyrns take the C-reading.

Note that, in sands, the value to be expected for C
is a low number, usually < 100 - 200 kPa, 1.e. 10 or
20 m of water.

NOTE: Frequent mistake in C-readings

As remarked in DMT Digest Winter 1996 (edited by
GPE Inc., Gainesville, Florida), several users have
reported poor C-readings, mostly due to improper
technique. The frequent mistake is the following.
After B, i.e. when the slow deflation starts, the signal
is on. After some time the signal stops (from ox to
off). The mistake is to take the pressure at this
inversion as C, which is incorrect (at this time the
membrane is the B-position). The correct instant for
taking C is some time later, when, completed the
deflation, after say 1 minute, the membrane returns to
the "closed" A-position, thereby contacting the
supporting pedestal and reactivating the signal.
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NOTE: Frequence of C-readings
(a) Sandy sites
In sands (B > 2.5 A) C-readings may be taken
sporadically, say every 1 or 2 m, and are used to
evaluate #y (equilibrium pore pressure). It is advisable
to repeat the A-B-C cycle several times to insure that
all cycles provide similar C-readings.
(b) Interbedded sands and clays
If the interest is limited to finding the u, profile, then
C-readings are taken in the sandy layers (B = 2.5 A),
say every 1 or 2 m.

‘When the interest, besides uy, is to discern free-
draining layers from non free-draining layers, then C-
readings are taken at each test depth.

NOTE: Electrical connections during testing

The rig operator should never disconnect the ground
cable (e.g. to add a rod which requires to remove the
electrical alligator) while the DMT operator is taking
the readings and anyway not before his go-ahead
indication.

NOTE: Expansion rate
Pressures A and B must be reached slowly.

According to the Furocode 7 (1997), the rate of
gas flow to pressurize the membrane shall be such
that the A-reading is obtained (typically in 15
seconds) within 20 seconds from reaching the test
depth and the B-reading (expansion from A4 to B)
within 20 seconds after the A-reading. As a
consequence, the rate of pressure increase is very
slow in weak soils and faster in stiff soils.

The above time intervals typically apply for cables
lengths up to approximately 30 m. For longer cables
the flow rate may have to be reduced to allow
pressure equalization along the cable.

During the test, the operator may occasionally
check the adequacy of the selected flow rate by
closing the micrometer flow valve and observing how
the pressure gage reacts. If the gage pressure drops in
excess of 2 % when closing the valve (ASTM 1986),
the rate is too fast and must be reduced.

NOTE: Time required for the test

The time delay between end of pushing and start of
inflation is generally 1-2 seconds. The complete test
sequence (A, B readings) generally requires about 1
minute. The total time needed for obtaining a
"typical” 30 m profile (if no obstructions are found) is
about 3 hours. The C-reading adds about 45 seconds
to 1 minute to the time required for the DMT
sequence at each depth.

NOTE: Depth increment
A smaller depth increment (typically 10 cm) can be

assumed, even limited to a single portion of the DMT
sounding, whenever more detailed soil profiling is
required.

NOTE: Test depths
The test depths should be recorded with reference to
the center of the membrane.

NOTE: Thrust measyrement

Some Authors or existing standards (Schmertmann
1988, ASTM 1986, ASTM Draft 2001) recommend
the measurement of the thrust required to advance
the blade as a routine part of the DMT testing
procedure. The specific aim of this additional
measurement is to obtain g, (penetration resistance
of the blade tip). gp permits to estimate K, and & in
sand according to the method formulated by
Schmertmann (1982, 1983).

Measuring gp directly is highly impractical. One
way of obtaining ¢y, is to derive it from the thrust
force, measurable by a properly calibrated load cell.

The preferable location of such load cell would be
immediately above the blade to exclude the rod
friction (however the lateral friction on the blade has
still to be detracted). Even this cell location is
impractical and not presently adopted except for
research purposes, so that the load cell is generally
located above the ground surface.

Practical alternative methods for estimating ¢p, are
indicated in ASTM (1986): (a) Measure the thrust at
the ground surface and subtract the estimated
parasitic rod friction above the blade. (b) Measure the
thrust needed for downward penetration and the pull
required for upward withdrawal: the difference gives
an estimate of gp. (c) If values of the cone
penetration resistance ¢, from adjacent CPT are
available, assume gp = ¢. (e.g. ASTM 1936,
Camparnella & Robertson 1991, ASTM Draft 2001).

6. REPORTING OF TEST RESULTS
("FIELD RAW DATA")

A typical DMT field data form is shown in Fig. 13.
Besides the field raw data, the test method should
be described, or the reference to a published standard

indicated.

7. CHECKS FOR QUALITY CONTROL
7.1 CHECKS ON HARDWARE

7.1.1 Blade

Membrane corrections tolerances

Verity that all blades available at the site are within
tolerances (initial AA = 5 to 30 kPa, initial AB = 5 to
80 kPa).
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Typical: 0.15 0.40
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Fig. 13. Typical DMT field data form - (1 bar = 100 kPa)
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Sharpness of electrical signal

Using the syringe (in the calibration configuration)
apply 10 or more cycles of vacum-pressure to verify
sharpriess of the electrical signal at the off and on
inversions. [f the signal inversions are not sharp, the
likely reason is dirt between the contacts and the
blade must be disassembled and cleaned.

Afrtightness
Submerge the blades under water and pressirize

them at 0.5 MPa.

Elewvations of sensing disec, feeler and quartz (once
plexiglas) cylinder

These checks are executed using a special "ripod"
dial gage (Fig. 14). The legs of the tripod rest on the
srrounding plane and the dial gage permits to
measire the elevations above this plane. Their values
should fall within the following tolerances:

Sensing dise - Nominal elevation above the
sirrorniding plane: 0.05 mm. Tolerance range: 0.04-
0.07 mm.

Feeler - Nominal elevation sbove the sensing dise:
0.05 mm. Tolerance range: 0.04-0.07 mm.

Cuartz eylinder - Only calibrated quartz (onee
plexiglas) eylinders (height 3.90 £ 0.01 mm) should
be used to insure accuracy of the prefized movement.
Therefore checking the elevation of the top of the
quartz cylinder is redandant. Howewver such elevation
can be checked, and should be in the range 1.13-1.13
mmn above the mentbrane support plane.

Sensing disc extraction foree (the sensing dise must
be stationary inside the inenlating seat)

The dise should fit tightly, thanks to the lateral
gripping foree, inside the insulating seat. The
exfraction foree should be, as a minimum, equal to
the weight of the blade so that, if the sensing disc is
lifted, the blade is lifted too without falling.

If the coupling becomes loose (dise free to move)
then the gripping force should be increased. One
quick fix can be the hsertion, while reinstalling the
dize, of a small pisce of plastic sheet laterally (not on
the bottom).

Conditions of the penetration edge

[n case of severe derting of blade's edge, straighten
the major undulations, then sharpen the edge using a
file.

Coaxiality between blade and axis of the rods
With the lewer adaptar mounted on the blade, place

the inside edge of an L-square against the side of the
adaptor. Note the distance from the penetration edge
of the blade to the side of the L-square. Turn the

Fig. 14, ""Tripod" dial gage

blade 1807 and repeat the measirement. The
difference between the two distances should not
exceed 3 mm (corresponding to a coaxiality error of
1.3 mm).

Blade planarity
Place a 15 cm ruler against the face of the blade

parallel to itz long side. The "sag" between the ruler
and blade should not exceed 0.5 mm (to be checked
with a flat 0.5 mm feeler gage).

Check the blade for electrical contimity

If the calibration has been carried out without
irregularities in the expected elecirical signal, the
calibrarion itself already proves that the electrical
fanetion of the blade iz working properly.

Additional electrical checks can be carried out with
the membrane removed (but with the quartz eylinder
in its place) vsing a contimity tester. The open blade
should respond electrically as follows:

— Contimity between the metal tubelet and the
seneing dise

— Continuity between the metal tubelet and blade
body if the quartz cylinder iz lifted

— No contimuity (insulatior) between the metal
tubelet and blade body if the quartz eylinder is
depressed (continity in this case would mean that
the blade is in short cirenit).

A recommended check just before moamting the

membrane is the following:

— Press 10 times or more on the quartz cylinder to
inzure that the op and off signal inversions are
sharp and prompt.

Sensing dise, underlving cavity and elements nside
cavity must be perfectly clean

The parts of the instrument inside the membrane
(disc, spring, metal cylinder, cylinder housing) must
be kept perfectly clean (e.g. blowing each piece with
compressed air) to msure proper electrical contacts.
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Fig. 15. Electrical contact points to be kept clean
to avoid membrane overinflation

A complete guide for disassembling and cleaning the
blade can be found in Marchetti & Crapps (1981) and
Schmertmann (1988).

In particular, the critical electrical contact points
(highlighted in Fig. 15) should be perfectly free from
dirt/grains/tissue. If not, the defective electrical
contact will cause severe and costly inconveniences.

In fact electrical malfunctioning will result in no B-
signal. In absence of B-signal, the operator will keep
inflating, eventually overexpanding the membrane
beyond AA, AB tolerances, in which case the test
results will be rejected.

The risk of absence of B-reading can be reduced by
the following check: before starting a sounding,
repeat the calibration (AA, AB) 10 times or more, to
make sure that the B-signal is regular and sharp.

7.1.2 Control unit

Check the control unit for electrical operation

— Press the test button with the audio switch on. The
galvanometer and buzzer should activate.

— Connect with a wire the inside of the "ground" jack
with the female quick connector marked
"dilatometer". The galvanometer and buzzer should
activate.

Check the control unit for gas leakage

Close the vent valves, open the main valve and the
micrometer flow valve. Pressurize the control unit to
the maximum gage range. Close the main valve to
avoid further pressure supply. Observe the gages for
leaks.

7.1.3 Pneumatic-electrical cables

Check the cables for mechanical integrity

Inspect the entire length to determine if the tubing is
pinched or broken.

Check the cables for electrical operation
Check by a continuity tester both electrical continuity
and electrical insulation between the terminals.

The male quick connectors should be in contact with
the inner wire, while the metal terminals should be
insulated from the wire.

Check the cables for gas leakage

Plug with the special female closed-ended terminal
the blade terminal of the cable and connect the other
end of the cable to the control unit. Use the control
unit to pressurize the cable to 4-6 MPa. Then close
the micrometer flow valve. Observe the gage for any
loss in pressure. A leak can be localized by immersing
the cable and fittings in water.

7.2 CHECKS ON TEST EXECUTION

— Verity that A is reached in = 15 seconds (within 20
seconds), B in= 15 seconds (within 20 seconds)
after A.

— The change of AA or AB before/after the sounding
must not exceed 25 kPa, otherwise the test will be
rejected.

— The C-reading, when taken, should be obtained in
45 to 60 seconds after starting the deflation
following B.

NOTE: Accuracy of DMT measurements

The prefixed displacement is the difference between
the height of the quartz (once plexiglas) cylinder and
the thickness of the sensing disc. These components
are machined to 0.01 mm tolerance, and their
dimensions cannot be altered by the operator. Likely
temperature dilatation of such components is less
than (.01 mm. Hence the displacement will be 1.10
mm £ 0.02 mm.

The pressure measurements are balance of zero
measurements (null method), providing high
accuracy. The accuracy of the pressure measurements
is the accuracy of the gages in the control unit.

Since the accuracy of both measured pressure and
displacement is high. the instrumental accuracy of the
DMT results is also high, and operator independent.
Accuracy problems can only arise when the following
two circumstances occur simultaneously: (a) The soil
is very soft. (b) The operator has badly overinflated
the membrane, making AA, AB uncertain.

NOTE: Reproducibility of DMT results

The high reproducibility of the test results is a
characteristic of the DMT unanimously observed by
many investigators.

It has been noted that "peaks” or other
discontinuities in the profiles repeat systematically if
one performs more than one sounding, therefore they
are not due to a random instrumental deviation, but
reflect soil variability.
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Even in sand, which is usvally considered inherently
variable, the DMT has been found to give repeatable
profiles, i.e. the variability can be followed and the
instrumental dispersion is negligible.

NOTE: Automatic data acquisition for DMT and
“research” dilatometers

‘While the mechanical DMT is the type most
commonly used today, various users have developed
automatic data acquisition systems. These systems
are outside the scope of this report. Only a few
comments are given below.

Automatic data acquisition is not as indispensable
as in other in situ tests (e.g. CPT/CPTU), since the
DMT generates only a few measurements per minute,
that the operator can easily write in the dead time
between the operations.

Automatic acquisition does not speed the test or
increase productivity or accuracy. Rather, automatic
recording is requested nowadays mostly for quality
control checks, easier when everything is recorded.

"Research” dilatometers, involving blades
instrumented with various types of sensors, are
outside the scope of this report. The interested reader
is referred to Boghrat (1987), Campanclla &
Robertson (1991), Fretti et al. (1992), Huang et al.
(1991), Kaggwa et al. (1995), Lutenegger & Kabir
(1988), Mayne & Martin (1998).

One of the interesting findings obtained by testing
with different instrumented blades is that the
pressure-displacement relationship, between A and B,
is almost linear.

8. DISSIPATION TESTS

In low permeability soils (clays, silts) the excess pore
water pressure induced by the blade penetration
dissipates over a period of time much longer than
required for the DMT test. In these soils it is possible
to estimate the in situ consolidation/flow parameters
by means of dissipation tests.

A DMT dissipation test consists in stopping the
blade at a given depth, then monitoring the decay of
the total contact horizontal stress o, with time. The
flow parameters are then inferred from the rate of
decay.

The DMT dissipation method recommended by the
authors is the DMT-A method (Marchetti & Totani
1989, ASTM Draft 2001). Other available methods
are the DMT-C method (Robertson et al. 1988) and
the DMT-A> method (ASTM Draft 2001). The
interpretation is covered in Section 11.4.1.

Dissipation tests are generally performed during the
execution of a standard DMT sounding, stopping the

blade at the desired dissipation depth. After the
dissipation is completed, the sounding is resumed
following the current test procedure. In this case, the
time required for the entire DMT sounding includes
the time for the dissipation.

Dissipation tests can be time consuming and are
generally performed only when information on flow
properties is especially valuable. In very low
permeability clays, a dissipation can last 24 hours or
more. In more permeable silty layers, the dissipation
may last hours, if not minutes.

Dissipation tests can also be performed separated
from DMT soundings, by means of one or more
blades pushed and left in place at the desired depths.
This permits to carry out DMT soundings and
dissipations simultaneously, with considerable time
saving.

The dissipation depths are decided in advance,
based on earlier DMT profiles or other available soil
information.

It should be noted that DMT dissipations are not
feasible in relatively permeable soils (e.g. some sandy
silts) whose permeability is such that most of the
dissipation occurs in the first minute, because the first
reading cannot be taken in less than 10-15 seconds
from start. Clearly DMT dissipations are not feasible
in sand and gravel.

8.1 DMT-A DISSIPATION METHOD
The DMT-A method (Marchetti & Totani 1989)
consists in stopping the blade at a given depth, then
taking a timed sequence of A-readings. Note that only
the A-reading is taken, avoiding the expansion to B.
The operator deflates the membrane by opening the
toggle vent valve as soon as A is reached (this
method is also called "A & deflate™ dissipation).
Procedure:

1) Stop the penetration at the desired dissipation
depth and immediately start a stopwatch. The time
origin (7 = 0) is the mnstant at which pushing is
stopped. Then, without delay, sfowiy inflate the
membrane to take the A-reading. As soon as A is
reached, immediately vent the blade. Read at the
stopwatch the elapsed time at the instant of the A-
reading and record it together with the A-value.

2) Continue to take additional A-readings to obtain
reasonably spaced points for the time-dissipation
curve. A factor of 2 increase in time at each A-
reading is satisfactory (e.g. 0.5, 1, 2, 4, 8, 15, 30
etc. minutes after stopping the blade). For each A-
reading record the exact stopwatch time (which
has not necessarily to coincide with the above
values).

16

144



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

3) Plot in the field a preliminary A-log f diagram.
Such diagram has usually an S-shape. The
dissipation can be stopped when the A-/og ¢ curve
has flattened sufficiently so that the contraflexure
point is clearly identified (the time at the
contraflexure point ¢4, is used for the
interpretation).

8.2 DMT-A;DISSIPATION METHOD

The DMT-A; method (described in ASTM Draft

2001) is an evolution of the DMT-C method

(Robertson et al. 1988, see also details in

Schmertmann 1988 and US DOT 1992).

The DMT-C method consists in performing, at
different times, one cycle of readings A-B-C and
plotting the decay curve of the C-readings taken at
the end of each cycle.

The DMT-C method relies on the assumption that
p2 (corrected C-reading) is approximately equal to
the pore pressure  in the soil facing the membrane.
Then the method treats the p; vs time curve as the
decay curve of u (hence p; after complete dissipation
should be equal to u,).

The assumption p, = u has been found to be
generally valid for soft clays, not valid for OC clays.
Thus the DMT-C method should be used with
caution.

In 1991 (DMT Digest 12) Schmertmann found that
a better approximation of the u decay can be obtained
in the following way. Perform first one complete
cycle A-B-C (only one cycle), then take only A-
readings (called by Schmertmann "A,") at different
times, without performing further A-B-C cycles.

The procedure for DMT-A,; is very similar to the
one previously described for the DMT-A dissipation,
with the following differences:

1) The readings taken and used to construct the
decay curve are the A, -readings rather than the A-
readings.

2) The dissipation is stopped after making at least
enough measurements to find #5, (time at 50 % of
A-dissipation). If time permits, the test is
continued long enough for the dissipation curve to
approach its eventual asymptote at 100 %
dissipation A g9. Ideally A ;g = up when corrected.

PART B
INTERPRETATION AND APPLICATIONS

9. DATA REDUCTION AND
INTERPRETATION

9.1 INTERPRETATION IN TERMS OF SOIL
PARAMETERS

The primary way of using DMT results is to interpret

them in terms of common soil parameters.

In many cases the parameters estimated by DMT
are used by applying the usual design methods. In this
way the engineer can compare and check the
parameters obtained by other tests, select the design
profiles, then apply his usual design methods.

This methodology ("design via parameters”) opens
the door to a wide variety of engineering
applications.

Direct DMT-based methods are limited to some
specific applications (e.g. axially loaded piles, P-y
curves for laterally loaded piles).

9.2 DATA REDUCTION/ INTERMEDIATE AND
COMMON SOIL PARAMETERS

The basic DMT data reduction formulae and

correlations are summarized in Table 1.

Field readings A, B are corrected for membrane
stiffness, gage zero offset and feeler pin elevation in
order to determine the pressures pg, p; using the
following formulae:

po=105(A - Zy + AAY - 0.05 (B - Zy — AB) (1)
pi=B-Zy—AB (2)
where

AA, AB = corrections determined by membrane
calibration

7y = gage Zero offset (gage reading when vented to
atmospheric pressure) — For a correct choice of Zy,
see Note on next page.

The corrected pressures pg and p; are subsequently
used in place of A and B in the interpretation.

The original correlations (Marchetti 1980) were
obtained by calibrating DMT results versus high
quality parameters. Many of these correlations form
the basis of today interpretation, having been
generally confirmed by subsequent research.

The interpretation evolved by first identifying three
"intermediate” DMT parameters (Marchetti 1980):
— the material index Ip
— the horizontal stress index Kp
— the dilatometer modulus £,
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SYMBOL DESCRIPTION

BASIC DMT REDUCTION FORMULAE

Po Corrected First Reading

Py = 1.05 (A - Zy+ AA) - 0.05 (B - Zy - AB)

Zyy = Gage reading when vented to atm.
If AA & AB are measured with the same

P4 Corrected Second Reading pi=B-Zy-4B gage used for current readings A & B, sat
Ziy = 0 (Zu is compensated)
aterial Index D= (P1-Po)/ {Po- Lo Up = pre-insertion pore pressure
Io Material Ind o= (r - Po) / (Po - o) insert
Kp Horizontal Stress Index Ko = (po - ug) / 6w o'vo = pre-insertion overburden stress
Ep Dilatometer Modulus Ep =347 (p1 - po) Epis NOT a Young's modulus E. Ep

should be used only AFTER combining it
with Kp (Stress History). First obtain Mour
= Ry Ep, then e.9. E = 0.8 Moy

Ko Coelf. Earth Pressure in Situ | Kopur = (Ko/ 1.5 - 08 forlh<1.2
OCR Overconsolidation Ratio OCRowr = (0.5 Ko)'™* forlp < 1.2
Cy Undrained Shear Strength cuput = 0.22 &' (0.5 Ko)'™® forlp<1.2
4] Friction Angle DostoomT = 28°+ 14.6%log Kp - 2.1° Iog2 Kp forlp>1.8
Ch Coefficient of Consolidation CchpMTA =7 cm® / thex tiex from A-log t DMT-A decay curve

Coefficient of Permeability

Kn = ch e/ My (Mh = Ko MowT)

(see chart in Fig. 16)

Kn
¥ Unit Weight and Description
M

Vertical Drained Constrained Mpwr = Ru Eo
Modulus iflp<086 Ry =0.14 + 2.36 log Kp
iflp>3 Ru = 05 + 2 log Kp
if0.6<lp<3 Ru=Ruo+{25- Rue) logKo
with Ruo = 0.14 + 0.15 {5 - 0.6)
if Kp > 10 Ry =0.32 + 2.18 log Kp
ifRy<0.85  setRy=0.85
U, Equilibrium Pore Pressure UWw=pp=C-Zu+aA In free-draining soils

Table 1. Basic DMT reduction formulae

then relating these intermediate parameters (not
directly py and p;) to common soil parameters.

The intermediate parameters I, Kp, Ep are
"objective” parameters, calculated from p, and p;
using the formulae shown in Table 1.

The interpreted (final) parameters are common soil
parameters, derived from the intermediate parameters
Ip, Kp, Epusing the correlations shown in Table 1 (or
other established correlations).

The values of the in situ equilibrium pore pressure
tp and of the vertical effective stress &', prior to
blade insertion must also be introduced into the
formulae and have to be known, at least
approximately.

Parameters for which the DMT provides an
interpretation (see Table 1) are:

— vertical drained constrained modulus M (all soils)

— undrained shear strength ¢, (in clay)

— in situ coefficient of lateral earth pressure Kj (in
clay)

— overconsolidation ratio OCR (in clay)

— horizontal coefficient of consolidation c;, (in clay)

— coefficient of permeability k;, (in clay)

— friction angle ¢ (in sand)

— unit weight ¥ and soil type (all soils)

— equilibrium pore pressure u, (in sand).

Correlations for clay apply for Ip < 1.2. Correlations
for sand apply for Ip > 1.8.

The constrained modulus M and the undrained
shear strength ¢, are believed to be the most reliable
and useful parameters obtained by DMT.

NOTE: Gage zero offset Ty

In all the formulae containing 7, enter Zy, = (0 (even
if Zyy# 0) if AA, AB are measured by the same gage
used for the current A, B readings (this is the normal
case today using the dual-gage control unit).

The reason is that the Z, correction is already
accounted for in AA, AB (this compensation can be
verified readily from the algebra of the correction
formulae for A, B). Hence entering the real Zy, would
result in applying twice the correction to A and B.

To be exact, in general, the value of Z,, to be input
in the equations should be the zero offset of the gage
used for reading A & B minus the zero offset of the
gage used for reading AA & AB.

NOTE: Correction formula for po

Eq. 1 for py (back-extrapolated contact pressure at
zero displacement) derives from the assumption of a
linear pressure-displacement relationship between
0.05 mm (elevation of the feeler pin above sensing
disc) and 1.10 mm (Marchetti & Crapps 1981).
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NOTE: Sign of AA, AB corrections

Although the actual AA-pressure is negative
(vacuum), it simulates a positive soil pressure.
Consequently it is recorded and introduced in the pg
formula as a positive number when it is a vacuum
(which is the normal case). Eq. 1 is already adjusted
to take into account that a positive AA is a vacuum.
AB is normally positive.

NOTE: Selecting the "average” AA, AB to calculate
Po, pi (for a detailed treatment of this topic see
Marchetti 1999)

Selecting the average AA, AB from the before/after
AA, AB values must be done by an experienced
technician. While performing the average, the entity
of AA, AB and their variations during the sounding
will also give him an idea of the care exercised during
the execution.

If the test has been regular (e.g. the membrane has
not been overinflated, and the Eurocode 7 tolerances
for AA, AB have not been exceeded), the before/after
values of AA, AB are very close, so that their
arithmetic average is adequate.

If AA or AB vary more than 25 kPa during a
sounding, the results, according to the Eurocode 7
(1997), should be discarded. However, if the soil is
stiff, the results are not substantially influenced by
AA, AB, and using typical AA, AB values {e.g. 15 and
40 kPa respectively) generally leads to quite
acceptable results.

NOTE: Comments on the 3 intermediate parameters
The three intermediate parameters Ip, Kp, Ep are
derived from two field readings. Hence, clearly, only
two of them are independent (the DMT is just a two-
parameter test). Ip, Kp, Ep have been introduced
because each one of them has some recognizable
physical meaning and some engineering usefulness.

10. INTERMEDIATE DMT PARAMETERS
10.1 MATERIAL INDEX I, (SOIL TYPE)
The material index I is defined as follows:

I,= Pi=Po (3)
Po—4
where uy 1s the pre-insertion in situ pore pressure.
The above definition of I was introduced having
observed that the p, and p; profiles are systematically
"close” to each other in clay and "distant” in sand.
According to Marchetti {1980), the soil type can be
identified as follows:
cay 01<Ip<0.6
silt 06<ip<1.8
sand 1.8<Ip<(10)

In general, I provides an expressive profile of soil
type. and, in "normal” soils, a reasonable soil
description. Note that 7, sometimes misdescribes silt
as clay and vice versa, and of course a mixture clay-
sand would generally be described by I, as silt.

When using /p, it should be kept in mind that 75, is
not, of course, the result of a sieve analysis, but a
parameter reflecting mechanical behavior (some kind
of "rigidity index"). For example, if a clay for some
reasons behaves "more rigidly” than most clays, such
clay will be probably interpreted by Ip as silt.

Indeed, if one is interested in mechanical behavior,
sometimes it could be more useful for his application
a description based on a mechanical response rather
than on the real grain size distribution. If, on the
other hand, the interest is on permeability, then 7
should be supplemented by the pore pressure index
Up (see Section 11.4.4).

10.2 HORIZONTAL STRESS INDEX K
The horizontal stress index Kp is defined as follows:

KD - pO_,uO (4)
ch

where G\ is the pre-insertion in situ overburden stress.

Ky, provides the basis for several soil parameter
correlations and is a key result of the dilatometer test.

The horizontal stress index Kp can be regarded as
K, amplified by the penetration. In genuinely NC
clays (no aging, structure, cementation) the value of
KD is KD,NC =2,

The Kp profile is similar in shape to the OCR
profile, hence generally helpful for "understanding”
the soil deposit and its stress history {Marchetti 1980,
Jamiolkowski et al. 1988).

10.3 DILATOMETER MODULUS Ep

The dilatometer modulus Epis obtained from p, and
pr by the theory of elasticity (Gravesen 1960). For
the 60 mm diameter of the membrane and the 1.1 mm
displacement it is found:

Ep=34"T(p; - po) &)
Ep in general should not be used as such, especially
because it lacks information on stress history. Ep
should be used only in combination with Kp and 7p.

The symbol Ep should not evoke special affinity
with the Young's modulus E’ (see Section 11.3.2).

11. DERIVATION OF GEOTECHNICAL
PARAMETERS

11.1 STRESS HISTORY / STATE PARAMETERS
11.1.1 Unit weight vy and soil type
A chart for determining the seoil type and unit weight
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SOIL DESCRIPTION Research by Powell & Uglow (1988) on the OCR-Kj,
and ESTIMATED v/ correlation in several UK deposits showed some
2000 T T deviation from the original correlation. However their
| [ EQUATION OF THE LINES SAND

research indicated that:

— The original correlation line (Eq. 6) is intermediate
between the UK datapoints.

— The datapoints relative to each UK site were in a
remarkably narrow band, parallel to the original
correlation line.

— The narrowness of the datapoints band for each
site is a confirmation of the remarkable
resemblance of the OCR and K, profiles, and the
parallelism of the datapoints for each site to the
original line is a confirmation of its slope.

The original OCR-Kp correlation for clay was also

confirmed by a comprehensive collection of data by

Kamei & Iwasaki 1995 (Fig. 17), and, theoretically,

by Finno 1993 (Fig. 18).
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Material Index I OCR | (Marehatti, 1980) ‘\\/ :
Fig. 16. Chart for estimating soil type and unit | OCR=0.34K5*=(0.47KG4") ,:;Q .
weight v (normalized to v, = ¥ water) - Marchetti | (Kamei & Iwasakd, 1895) )l
& Crapps 1981 - (1 bar = 100 kPa)
g 10| 1
v from Ip and E was developed by Marchetti & E ]
Crapps 1981 (Fig. 16). C i
Many Authors (e.g. Lacasse & Lunne 1988) have i L. ]
presented modified forms of such table, more closely L 4 2 mz;:afg; g(8179)50) i
mgching local conditions. However the original chart I O Lacasse & Lunne (1988) |
is generally a good average for "normal” soils. On the L Fhang é'f‘wgu';k“ (1985)
other hand, the main scope of the chart is not the 1 -

accurate estimation of v, but the possibility of 1 ‘ 5 10 Kp 100
constructing an approximate profile of 'y, needed in

the elaboration. Fig. 17. Correlation Ky -OCR for cohesive soils

from various geographical areas (Kamei &
11.1.2 Overconsolidation ratio OCR Iwasaki 1995)
11.1.2.1 OCR in clay
The original correlation for deriving the 50
overconsolidation ratio OCR from the horizontal
stress index Kp (based on data only for uncemented
clays) was proposed by Marchetti (1980) from the
observation of the similarity between the Kp profile 10 -
and the OCR profile:

OCRpuz= (05 Kp)'* (©) 5
Eq. 6 has built-in the correspondence Kp = 2 for
OCR =1 (i.e. Kpnc = 2). This correspondence has 2
been confirmed in many genuinely NC (no
cementation, aging, structure) clay deposits. 1-

The resemblance of the K, profile to the OCR
profile has also been confirmed by many subsequent
comparisons (e.g. Jamiolkowski et al. 1988). Fig. 18. Theoretical Kp vs OCR (Finno 1993)

OCR

o Field meaqsured
HComputed range by
Strain Path Method &

Anisofropic Bounding
Space Model
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A confirmation of Kp = 2 in genuine NC clays comes
from recent slip surface research (Totani et al. 1997).
In fact: (a) In all the layers where sliding was
confirmed by inclinometers, it was found Kp = 2. (b)
The clay in the remolded sliding band has certainly
lost any trace of aging, structure, cementation, i.e.
such clay is a good example of genuine NC clay.

Thus Kp = 2 appears the lower bound value for
Kpwe. If a geologically NC clay has Kp > 2, any
excess of Kp above 2 indicates the likely existence of
aging, structure or cementation.

Cemented-aged-structured clays (for brevity called

below "cemented clays")

The original OCR-Kj correlation for clays established
by Marchetti (1980) was presented as non applicable
to cemented clays. However various researchers have
attempted to develop correlations also in cemented
clays.

It cannot be expected the existence of a unique
OCR-Kp correlation valid for all cemented clays,
because the deviation from the uncemented
correlation depends on the variable entity of the
cementation and the consequent variable increase in
Kp. Therefore, in general, datapoints for cemented
clays should be kept separated, without attempting to
establish a unique average correlation for both
cemented and uncemented clays.

Practical indications for estimating OCR in various

clays

— The original OCR-Kj, correlation (Eq. 6) is a good
base for getting a first interpretation of the OCR
profile (or, at least, generally accurate information
on its shape).

— In general the K profile is helpful for
"understanding” the stress history. The Kp, profile
permits to discern NC from OC clays, and clearly
identifies shallow or buried desiccation crusts. The
Kp profile is often the first diagram that the
engineer inspects, because from it he can get at a
glance a general grasp on the stress history.

— In NC clays, the inspection of the K, profile
permits to distinguish genuine NC clays (Kp = 2,
constant with depth) from cemented NC clays (Kp
=3 to 4, constant with depth, e.g. Fucino, Onsgy).
In these clays any excess of Kp compared with the
"floor” value Kp = 2 provides an indication of the
intensity of cementation/structure/aging. However
the NC condition can be easily recognized (despite
Kp > 2), because Kp does not decrease with depth
as in OC deposits.

— In cemented OC clays the inspection of the Kp

profile does not reveal cementation as clearly as in
NC clays (though the cementation shows up in the
form of a less marked decrease of Kp with depth).
In cemented clays the geological OCR will be
overpredicted by Eq. 6.

— Highly accurate and detailed profiles of the in situ

OCR can be obtained by calibrating OCRpy,r versus

a few (in theory even one or two - see Powell &
Uglow 1988) high quality cedometers. Since OCR
1s a parameter difficult and costly to obtain, for
which there are not many measuring options, the
possibility of projecting via Kp a large number of
high quality data appears useful.

— Stiff fissured OC clays. It is found that in non
fissured OC clays the K, profiles are rather
smooth, while in fissured OC clays the K, profiles
are markedly seesaw-shaped. Such difference
indicates that fissures are, to some extent,
identified by the low points in the Kp profiles. The
sensitivity of Kp to fissures may be useful in some
studies. Note that the Ky s in the fissures of an OC
clay are still considerably > 2, therefore fissures
cannot be confused with slip surfaces -
characterized by Kp = 2 (see Section 13.4).

11.1.2.2 OCR in sand
The determination (even the definition) of OCR in
sand is more difficult than in clay. OCR in sand is
often the result of a complex history of preloading or
desiccation or other effects. Moreover, while OCR in
clay can be determined by oedometers, sample
disturbance does not permit the same in sand.
Therefore some approximation must be accepted.

A way of getting some information on OCR in sand

is to use the ratio Mpyr/q.. The basis is the following:

— Jendeby (1992) performed DMTs and CPTs before
and after compaction of a loose sand fill. He found
that before compaction (i.e. in nearly NC sand) the
ratio Mpayr/q, was 7-10, after compaction (i.e. in
OC sand) 12-24.

— Calibration chamber (CC) research (Baldi et al.
1988) comparing g, with M, both measured on the
CC specimen, found ratios M. /¢,: in NC sands 4-
7, in OC sands 12-16.

— Additional data in sands from instrumented
embankments and screw plate tests (Jamiolkowski
1995) indicated a ratio (in this case E/g,): in NC
sands 3-8, in OC sands 10-20.

— The well documented finding that compaction
effects are felt more sensitively by Mpyy than by g,
(see Section 13.5) also implies that Mpar/g. is
increased by compaction/precompression (see Fig.
472 ahead).
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Hence OCR in sands can be approximately evaluated
from the ratio Mpur/q., using the following indicative
values as a reference: Mpyr/g. = 5-10 in NC sands,
Mpur/g. = 12-24 in OC sands.

An independent indication of some ability of Kp to
reflect OCR in sand comes from the crust-like Kp
profiles often found at the top of sand deposits, very
similar to the typical Kp profiles found in OC
desiccation crusts in clay.

11.1.3 In situ coefficient of lateral earth pressure K,

11.1.3.1 Ky in clay
The original correlation for Ky, relative to
uncemented clays (Marchetti 1980), is:

Ko=(Kp/1.5)""-0.6 N
Various Authors (e.g. Lacasse & Lunne 1988, Powell
& Uglow 1988, Kulhawy & Mayne 1990) have
presented slightly modified forms of the above
equation. However the original correlation produces
estimates of K, generally satisfactory, especially
considering the inherent difficulty of precisely
measuring K, and that, in many applications, even an
approximate estimate of K, may be sufficient.

In highly cemented clays, however, the Eq. 7 may
significantly overestimate K, since part of Kp is due
to the cementation.

Example comparisons of K, determined by DMT
and by other methods at two research sites are shown
in Fig. 19 (Aversa 1997).

11.1.3.2 Kp_in sand

The original K,-Kp correlation was obtained by
interpolating datapoints relative mostly to clay. The
very few (in 1980) datapoints relative to sand seemed
to plot on the same curve. However, subsequent sand
datapoints showed that a unique correlation cannot
be established, since such correlation in sand also
depends on ¢ or D.

Schmertmann (1982, 1983), based on CC results,
interpolated through the CC datapoints a Ky -Kp -¢
correlation equation (the lengthy fractionlike equation
reported as Eq. 1 in Schmertmann 1983 or Eq. 6.5 in
US DOT 1992). Such equation is the analytical
equivalent of Fig. 10 in Schmertmann (1983),
containing, in place of a unique K, -Kj equation, a
family of K -Kp curves, one curve for each ¢. Since ¢
is in general unknown, Schmertmann (1982, 1983)
suggested to use also the Durgunoglu & Mitchell
(1975) theory, providing an additional condition ¢, -
Ky-0, if g, (or gp) is also measured. He suggested an
iterative computer procedure (relatively complicated)
permitting the determination of both Kj and ¢. A
detailed description of the method can be

[1] 1 Ko 2 0 1 Ko 2
[!] 0 T T
a)
sl
sk
a DMT B
-
16 |
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Fig. 19. K, from DMT vs K; by other methods at
two clay research sites (Aversa 1997)

(a) Bothkennar, UK (Nash et al. 1992) (b) Fucino,
Italy (Burghignoli et al. 1991)

found in US DOT (1992).

To facilitate calculations, Marchetti (1985)
prepared a Ky -g. -Kp chart in which ¢ was
eliminated, by combining the Schmertmann (1982,
1983) Ko -Kp -¢ relation with the Durgunoglu &
Mitchell (1975) g, -Ky -¢ relation. Such chart
(reported as Fig. 6.4 in US DOT 1992) provides Ky,
once ¢. and Kp are given.

Baldi et al. (1986) updated such K, -q.-Kp chart by
incorporating all subsequent CC work. Moreover the
chart was converted into simple algebraic equations:

Ky, =0.376 + 0.095 Kp - 0.0017 g./S'v0 8)
Ky =0.376 + 0.095 Kp - 0.0046 g./6", )

Eq. 8 was determined as the best fit of CC data,
obtained on artificial sand, while Eq. 9 was obtained
by modifying the last coefficient to predict "correctly"
K, for the natural Po river sand.

In practice the today recommendation for K, in
sand is to use the above Eqns. 8 and 9 with the
following values of the last coefficient: -0.005 in
"seasoned" sand, -0.002 in "freshly deposited" sand
(though such choice involves some subjectivity).

While this is one of the few methods available for
estimating Kj in sand (or at least the shape of the K,
profile), its reliability is difficult to establish, due to
scarcity of reference values.

Cases have been reported of satisfactory agreement
(Fig. 20, Jamiolkowski 1995). In other cases the K,
predictions have been found to be incorrect as
absolute values, though the shape of the profile
appears to reflect the likely K, profile. The
uncertainty is especially pronounced in cemented
sand (expectable, due to the additional unknown
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Fig. 20. K, from DMTs and SBPTs in natural
Ticino sand at Pavia (Jamiolkowski 1995)
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Fig. 21. Correlation K, -D, for NC uncemented
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sands (after Reyna & Chameau 1991, also
including Ohgishima and Kemigawa datapoints
obtained by Tanaka & Tanaka 1998)

100

"cementation"). An inconvenience of the method is
that it requires both DMT and CPT and proper
matching of correspondent K, and g...

11.1.4 Relative density D, (sand)

In NC uncemented sands, the recommended relative

density correlation is the one shown in Fig. 21 (Reyna
& Chameau 1991), where D, is derived from K. This

correlation is supported by the additional K;-D,
datapoints (also included in Fig. 21) obtained by
Tanaka & Tanaka (1998) at the Ohgishima and

Kemigawa sites, where D, was determined on high
quality samples taken by the freezing method.

In OC sands or possibly in cemented sands, Fig. 21
will overpredict D,, since part of K}, is due to the

overconsolidation or cementation, rather than to D,.
The amount of the overprediction is difficult to
evaluate at the moment.

11.2 STRENGTH PARAMETERS
11.2.1 Undrained shear strength c,

The original correlation for determining ¢, from
DMT (Marchetti 1980) is the following:

=022 G (0.5 Kp)'

Eq. 10 has generally been found to be in an
intermediate position between subsequent datapoints
presented by various researchers (e.g. Lacasse &
Lunne 1988, Powell & Uglow 1988). Example
comparisons between ¢, pyr and ¢, by other tests at
two research sites are shown in Figs. 22 and 23.

(10)

100

Averagé . ®
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Fig. 22. Comparison between ¢, determined by
DMT and by other tests at the National Research
Site of Bothkennar, UK (Nash et al. 1992)
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Fig. 23. Comparison between ¢, determined by
DMT and by other tests at the National Research
Site of Fucino, Italy (Burghignoli et al. 1991)

23




VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

Experience has shown that, in general, ¢, pyr is quite
accurate and dependable for design, at least for
everyday practice.

11.2.2 Friction angle ® (sand)
Two methods are currently used today for estimating
¢ from DMT (see also Marchetti 1997).

The first method (Method 1) provides simultaneous
estimates of ¢ and K, derived from the pair Kp and ¢p
(Method 1a) or from the pair Kp and ¢, (Method 1b).
The second method (Method 2) provides a lower
bound estimate of ¢ based only on Kp.

Method 1a (¢ from Kp. gp)
This iterative method, developed by Schmertmann
(1982, 1983), described in Section 11.1.3.2 relative to

Ky in sand, permits the determination of both K, and ¢.

Method 1b (¢ from Kp. g.)
This method (Marchetti 1985) first derives K, from ¢,
and K by Eqns. 8 and 9, as indicated in Section
11.1.3.2 (Kp). Then uses the theory of Durgunoglu &
Mitchell (1975), or its handy graphical equivalent
chart in Fig. 24, to estimate ¢ from K, and q..
Method 2 (¢ from Kp)
Details on the derivation of the method can be found
in Marchetti (1997). ¢ is obtained from K, by the
following equation:

Osate,pmr = 28° + 14.6° log Kp —2.1° log” Kp (11)

Assumed cone roughness 8/@=0.5
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Fig. 24. Chart g, -K,-¢ — graphical equivalent of
the Durgunoglu & Mitchell theory (worked out
by Marchetti 1985)

As already noted, ¢ from Eq. 11 is intended to be not
the "most likely" estimate of ¢, but a lower bound
value (typical entity of the underestimation believed
to be 2° to 4°). Obviously, if more accurate reliable
higher values of ¢ are available, then such values
should be used.

It should be noted that in cemented c-¢ sands it is
difficult to separate the two strength parameters,
because there is an additional unknown.

11.3 DEFORMATION PARAMETERS
11.3.1 Constrained modulus M
The modulus M determined from DMT (often
designated as Mpyr) is the vertical drained confined
(one-dimensional) tangent modulus at ¢', and is the
same modulus which, when obtained by oedometer,
is called Epeq = 1/m,.

Mpyr is obtained by applying to Ep the correction
factor Ry according to the following expression:

MDMT = RM b‘D (12)

The equations defining Ry = f{Ip, Kp) (Marchetti
1980) are given in Table 1. The value of R, increases
with K (major influence).

It is to be noted that Ry, being dependent on I, Kp,
is not a unique proportionality constant relating M to
Ep. Ry varies mostly in the range 1 to 3.

Since Ej; is an "uncorrected”" modulus, while Mpyy is
a "corrected" modulus, deformation properties should
in general be derived from Mpyr and not from Ep.

Experience has shown that Mpyr is highly
reproducible and in most sites variable in the range
0.4 to 400 MPa.

Comparisons both in terms of M pyr—M reference and
in terms of predicted vs measured settlements have
shown that, in general, Mpyr is reasonably accurate
and dependable for everyday design practice.

Mpyr is to be used in the same way as if it was
obtained by other methods (say a good quality
oedometer) and introduced in one of the available
procedures for evaluating settlements.

Example comparisons between Mpyr and M from
high quality oedometers at two research sites are
shown in Figs. 25 and 26.

NOTE: Necessity of applying the correction Ry to Ep

— Ejpis derived from soil distorted by the penetration.

— The direction of loading is horizontal, while M is
vertical.

— Eplacks information on stress history and lateral
stress, reflected to some extent by Kp. The
necessity of stress history for the realistic
assessment of settlements has been emphasized by
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Fig. 25. Comparison between M determined by
DMT and by high quality oedometers, Onsgy
clay, Norway (Lacasse 1986)
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Fig. 26. Comparison between M determined by
DMT and by high quality oedometers,
Komatsugawa site, Japan (Iwasaki et al. 1991)

many researchers (e.g. Leonards & Frost 1988,
Massarsch 1994),

— In clays, Ep, is derived from an undrained
expansion, while M is a drained modulus. (For
more details on this specific point see Marchetti
1997).

11.3.2 Young's modulus E’
The Young's modulus E’ of the soil skeleton can be
derived from M.y using the theory of elasticity

equation:

pro VA=) (13)
(I-v)
(e.g. for a Poisson's ratio v = 0.25-0.30 one obtains
E.'J = 08 M})M]').
The Young's modulus £’ should not be derived
from (or confused with) the dilatometer modulus Ejp,.

11.3.3 Maximum shear modulus G,
No correlation for the maximum shear modulus G,
was provided by the original Marchetti (1980) paper.

Subsequently, many researchers have proposed
correlations relating DMT results to Gy.

A well documented method was proposed by
Hryciw (1990). Other methods are summarized by
Lunne et al. (1989) and in US DOT (1992).

Recently Tanaka & Tanaka (1998) found in four
NC clay sites (where K = 2) Gy/Ep = 7.5. They also
investigated three sand sites, where they observed
that G,/Ep decreases as Kp increases. In particular
they found Gy/Ep decreasing from = 7.5 at small K,
(1.5-2) to = 2 for Kp > 5.

Similar trends in sands had been observed e.g. by
Sully & Campanella (1989) and Baldi et al. (1989).

11.4 FLOW CHARACTERISTICS AND PORE PRESSURES
11.4.1 Coefficient of consolidation ¢,

The method recommended by the authors for

deriving ¢, from DMT dissipations is the DMT-A
method (Marchetti & Totani 1989, ASTM Draft
2001). Another accepted method (ASTM Draft

2001) is the DMT-A; method.

The test procedures - and some information on their
origin - are described in Section 8.

In all cases the dissipation test consists in stopping
the blade at a given depth, then monitoring the decay
of the contact pressure &, with time. The horizontal
coefficient of consolidation ¢, is then inferred from
the rate of decay.

Note that, as shown by piezocone research, the
dissipation is governed in most cases predominantly
by ¢, rather than by c¢,, which is the reason why c¢; is
the target of these procedures.

¢ from DMT-A dissipation
The interpretation of the DMT-A dissipations for
evaluating ¢, is very straightforward (Marchetti &
Totani 1989):
— Plot the A-log ¢ curve
— Identify the contraflexure point in the curve and the
associated time (77..)
— Obtain ¢;, as
choc=1 szllf,tm— (14

25

153



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

FUCINO 1day 1 week
800 ——r e

A | DMTA (@z=15m)

400 T

200

0.1 1 10 100 1000 10000

Time {min)

Fig. 27. Example of DMT-A decay curve

It should be noted that ¢, from Eq. 14 refers to the
soil behavior in the OC range. A ¢, value several
times lower should be adopted for estimating the
settlement rate in a problem involving loading mainly
in the NC range.

Comments on the origin of Eq. 14 are given in one
of the Notes below.

An example of DMT-A decay curve (Fucino clay)
is shown in Fig. 27.

¢ from DMT-A- dissipation

Basically the DMT-A; method (that can be
considered an evolution of the DMT-C method)
infers ¢ from #5 determined from the A;-decay
dissipation curve. ¢ is calculated from 750 by using an
equivalent radius for the DMT blade and a time
factor Tso obtained from the theoretical solutions for
CPTU.

A detailed description of the method for
interpreting the DMT-C dissipations can be found in
Robertson et al. (1988), Schmertmann (1988) and US
DOT (1992). The DMT-A; dissipation can be
interpreted in the same way as the DMT-C, with the
only difference that the readings A, are used in place
of the readings C.

A detailed description of the method for
interpreting DMT-A,; dissipations can be found in
ASTM Draft 2001.

NOTES

— The DMT-A method does not require the
knowledge of the equilibrium pore pressure u,,
since it uses as a marker point the contraflexure
and not the 50 % consolidation point.

— The use of £, in the DMT-A method is in line with
the recent suggestions by Mesri et al. (1999),
advocating the preferability of the "inflection point
method” for deriving ¢, from the oedometer over
the usual Casagrande or Taylor methods.

— The DMT-A dissipation test is very similar to the
well-established "holding test” by pressuremeter.
For such test the theory is available. It was
developed by Carter et al. (1979), who established
theoretically the S-shaped decay curve of the total
contact pressure G, vs time (hence the theoretical
time factor Tk, for the contraflexure point). A
similar theory is not available yet for the decay G,
vs time in the DMT blade, whose shape is more
difficult to model. However, since the phenomenon
is the same, the theory must have a similar format,
and the link 7 c#r” between ¢y, and #, in Eq. 14
was determined by experimental calibration.
(Determining 7 cit’ by calibration is similar to
determining 7'sp = 0.197, in the Terzaghi theory of
1-D consolidation, by field calibration rather than
by mathematics). As to fixity, in the case of the
DMT blade the fixity during the holding test is
imherently insured, being the blade a solid object.

— Case histories presented by Totani et al. (1998)
indicated that the ¢, from DMT-A are in good
agreement (or "slower” by a factor 1 to 3) with ¢,
backfigured from field observed behavior.

— The DMT-A; method (and the DMT-C method)
rely on the assumption that the contact pressure A,
(or C), after the correction, is approximately equal
to the pore pressure # in the soil facing the
membrane. Such assumption is generally valid for
soft clays, but dubious in more consistent clays.
(Note that the DMT-A method does not rely on
such assumption).

— The problem of filter smearing or clogging does
not exist with the DMT membrane, because the
membrane is anyway a non draining boundary, and
what is monitored is a fofal contact stress.

11.4.2 Coefficient of permeability &,
Schmertmann (1988) proposes the following
procedure for deriving k;, from cy:

— Estimate M, using M), = Ko My, i.€. assuming M
proportional to the effective stress in the desired
direction

— Obtainkh=ch Yw/Mh (15)

11.4.3 In situ equilibrium pore pressure by
C-readings in sands
The DMT, though non provided with a pore pressure
sensor, permits, in free-draining granular soils (B 2
2.5 A), the determination of the pre-insertion ambient
equilibrium pore pressure uo. Since analysis of the
DMT data depends on the in situ effective stress,
water pressure is an important and useful
information.
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The reason why the DMT closing pressure
(C-reading) closely approximates u, in sand (e.g.
Campanella et al. 1985) is the following. During
inflation, the membrane displaces the sand away from
the blade. During deflation the sand has little
tendency to rebound, rather tends to remain away
from the membrane, without applying effective
pressure to it (6, = 0, hence o = uy). Therefore, at
closure, the only pressure on the membrane will be u
(see sandy layers in Fig. 28).

This mechanism was well known to pressuremeter
investigators, who discovered long ago that the
contact pressure, in a disturbed pressuremeter test in
sand, is essentially uy.

In clay the method does not work because, during
deflation, the clay tends to rebound and apply to the
membrane some effective stresses. Moreover, in
general, u > uy due to blade penetration. Hence C >
Up.

up in sand is estimated as p,, where:

pr=C-Zy+ AA (16)

(the gage zero offset Zy is generally taken = 0, more
details in Section 9.2).

Before interpreting the C-reading the engineer
should insure that the operator has followed the right
procedure (Section 5.2), in particular has not
incurred in the frequent mistake highlighted in
Section 5.2. Note that, in sands, the values expected
for C are low numbers, usually < 100 or 200 kPa, i.e.
10 or 20 m of water.

C-readings typically contain some experimental
scatter and the engineer will usually rely on a p»
profile vs depth, to provide a pore water pressure
trend, rather than on individual measurements.

If the interest is limited to finding the u, profile,
then C-readings are taken in the sandy layers (B = 2.5
A), say every 1 or 2 m. When the interest, besides uy,
is to discern free-draining layers from non free-
draining layers, then it is recommended to take C-
readings routinely at each test depth (see next
Section).

More details about the C-reading can be found in
Marchetti (1997) and Schmertmann (1988).

11.4.4 Discerning free-draining from non free-
draining layers - Index Up
In problems involving excavations, dewatering,
piping/blowup control, flow nets etc. the
identification of free-draining/non free-draining layers
is important. For such identification, methods based
on the DMT C-reading (corrected into p, by Eq. 16)
have been developed (see Lutenegger & Kabir's 1988
Eq. 2, or Schmertmann's 1988 Eq. 3.7).

The basis of the methods is the following. As
discussed in the previous Section, in free-draining
layers p> = uy. In layers not free-draining enough to
reach Au = 0 in the 1-1.5 min elapsed since insertion,
some excess pore pressure will still exist at the time
of the C-reading, hence p, > u,.

Therefore: p» = uy indicates a free-draining soil (Au
=0 in 1-1.5 min) while p, > u, indicates a non free-
draining soil (Fig. 28).

Index Up
Based on the above, the pore pressure index Up was
defined by Lutenegger & Kabir (1988) as:

Up = (p2 - uo) | (po - uo) a7
In free-draining soils, where p> = ug, Up = 0. In non
free-draining soils, p, will be higher than u, and Up
too.

The example in Fig. 29 (Benoit 1989) illustrates
how U), can discern "permeable" layers (Up = 0),
"impermeable” layers (Up = 0.7) and "intermediate
permeability” layers (Up between 0 and 0.7), in
agreement with B, from CPTU.

Note that Up, while useful for the above scope,
cannot be expected to offer a scale over the full range
of permeabilities. In fact beyond a certain £ the test
will be drained anyway, below a certain k the test will
be undrained anyway (see Note on next page).

In layers recognized by Up as non free-draining,
quantitative evaluation of ¢, can be obtained e.g.
using the DMT dissipations described earlier.

C-reading (kPa)
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Fig. 28. Use of C-readings for distinguishing free-
draining from non free-draining layers
(Schmertmann 1988)
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Fig. 29. Use of U, for discerning free-draining
layers (Up = 0) from non free-draining layers
(Benoit 1989)

In layers recognized by Uy, as free-draining, the DMT
dissipations will not be performed (the DMT
dissipations are not feasible if most of the dissipation
occurs in the first minute, because readings cannot be
taken in the first = 15 sec).

NOTE: Drainage conditions during the test

In a clean sand the DMT is a perfectly drained test.
At is virtually zero throughout the test, whose
duration (say 1 minute) is sufficient for any excess to
dissipate. In a low permeability clay the opposite is
true, i.e. the test is undrained and the excesses do not
undergo any appreciable dissipation during the
normal test.

It should be noted that, for opposite reasons, the i
values in the soil surrounding the blade are constant
with time during the test in both cases. In permeable
soils everywhere u = ug. In impermeable soils the
pore pressures do not dissipate.

There is however a niche of soils (in the silts
region) for which 1 minute is insufficient for full
drainage, but sufficient to permit some dissipation. In
these partial drainage soils the data obtained can be
misleading to an unaware user. In fact the reading B,
which follows A by say 15 seconds, is not the "proper
match" of A, because in the 15 seconds from A to B
excess has been dissipating and B is too low, with the
consequence that the difference B-A is also too low
and so are the derived values Ip, Ep, M. In such soils
Ip will possibly end up in the extreme left hand of its
scale (I = 0.1 or less) and M will also possibly be far
too low. Note that the sites where this occurrence has

been encountered are very few (e.g. Drammen,
Norway).

To be sure, in case of very low I, and M there is
some ambiguity, because the low values of B-A could
just be the normal response of a low permeability
very soft clay. The ambiguity can be solved with the
help of C-readings (or Up). If the U}, values in the
"low B-A" layers are intermediate between those
found in the free-draining layers and those found in
the non free-draining layers, than the above
interpretation of partial drainage is presumably
correct.

Of course the partial drainage explanation can also
be verified by means of laboratory sieve analysis or
permeability tests. In practice, if the partial drainage
explanation of the low B-A is confirmed, all results
dependent from B-A (recognizable by very depressed
Ip troughs) have to be ignored.

12. PRESENTATION OF DMT RESULTS

Fig. 30 shows the recommended graphical format of
the DMT output. Such output displays four profiles,
namely [, M, ¢, and K),. Experience has shown that
these four parameters are generally the most
significant group to plot (for reliability, expressivity,
usefulness). Note that Kp, though not a common soil
parameter, has been selected as one to be displayed
as generally helpful in "understanding” the site
history, being similar in shape to the OCR profile. It
is also recommended that the diagrams be presented
side by side, and not separated. It is beneficial for the
user to see the diagrams together.

The graphical output contains only the main
profiles. The numerical values of these and other
parameters are listed in the tabular output normally
accompanying the graphical output (see example in
Fig. 31).

MATERIAL 7 CONSTRAINED 7  UNDRAINED 7 HORIZONTAL

INDEX W MODULUS  (n] SHEAR STRENGTH (n) STRESS INDEX

o Lﬁ\f"ssﬂl.l gﬂlgnmn M0 800 0 5 1152250 36 6

2 Eé_f‘, 2 ¥ 1at) F1% 2

4 = {4t af* 4

5l === s 6 1 6

8 = {8 8 8

10 %- {10 10 |> 10

12 L et 12 12

14 3 Juaf 14 14

16 f, 16} 16 16

18 ? 18} 18 18

20 — a0t 20 120

22 Z_:. e} 2 & 22

24 f {aa} 24 24 1
6 1.8 400 800 0 5 1152286 3 6 9 12
Id M (bar) Cu (bar) Kd

Fig. 30. Recommended graphical presentation of
DMT results - (1 bar = 100 kPa)
28

156



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SOIL TEST DMT : D3 - 4 OCT 1989 Reg 1003
LIVORNO HARBOUR NEW QUAY WATERTABLE m 1.5

Reduction formulae according to ASCE Geot.Jnl., Mar. 1980, Vol.109, 299-321
NOTE : OCR = ''relative OCR''. OCR below often reasonable. Accuracy can be improved if precise
OCR values are available. Then factorize all OCR below by the ratio OCRreference/OCR

Po = Corrected A reading bar INTERPRETED GEOTECHNICAL PARAMETERS
Pl = Corrected B reading bar =  ——mmmmememmmmemmmccmmmmmcccc oo
Gamma = Bulk unit weight/GammaH20 (=) Ko = In situ earth press. coeff. (-)
Sigma'= Effective overb. stress bar Ocr= Overconsolidation ratio (=)
U = Pore pressure bar Phi= Safe floor value of friction angle (-)
Id = Material Index (=) M = Constrained modulus (at Sigma') bar
Kd = Horizontal stress index (=) Cu = Undrained shear strength bar
Ed = Dilatometer modulus bar
Z (m) Po Pl Gamma Sigma' U Id Kd Ed Ko Ocr Phi M Cu DESCRIPTION
1.00 1.2 3.5 1.80 0.17 0.00 1.89 7.1 85 39 186 SILTY SAND
1.20 1.6 3.4 1.70 0.21 0.00 1.09 7.9 66 1.6 8.6 150 0.26 SILT
1.40 2.1 3.2 1.70 0.24 0.00 0.56 8.6 43 1.7 9.8 100 0.33 SILTY CLAY
1.60 2.2 3.3 1.70 0.26 0.01 0.53 8.2 43 1.6 9.0 98 0.34 SILTY CLAY
1.80 2.4 3.0 1.60 0.28 0.03 0.27 8.5 23 1.7 9.6 55 0.37 CLAY
2.00 2.4 2.8 1.60 0.29 0.05 0.18 8.2 16 1.6 9.0 36 0.37 CLAY
2.20 2.2 2.5 1.50 0.30 0.07 0.15 7.1 12 1.5 7.3 25 0.32 MUD
2.40 1.9 3.8 1.70 0.31 0.09 1.02 6.0 70 1.3 5.5 139 0.27 SILT
2.60 2.0 3.2 1.70 0.32 0.11 0.68 5.7 47 1.3 5.2 90 0.27 CLAYEY SILT
2.80 1.9 2.7 1.60 0.34 0.13 0.48 5.2 31 1.2 4.4 57 0.25 SILTY CLAY
3.00 1.6 3.4 1.70 0.35 0.15 1.19 4.3 66 1.0 3.3 110 0.20 SILT
3.20 2.2 6.0 1.80 0.36 0.17 1.81 5.7 140 38 276 SILTY SAND
3.40 2.0 3.8 1.70 0.38 0.19 0.96 4.9 66 1.1 4.0 118 0.286 SILT
3.60 2.0 5.4 1.80 0.39 0.21 1.97 4.5 128 37 224 SILTY SAND
3.80 2.5 6.8 1.90 0.41 0.23 1.87 5.6 159 38 312 SILTY SAND
4.00 2.2 5.0 1.70 0.43 0.25 1.45 4.6 105 37 183 SANDY SILT
4.20 2.3 5.9 1.80 0.44 0.26 1.85 4.5 136 37 238 SILTY SAND
4.40 2.7 6.8 1.80 0.46 0.28 1.67 5.4 152 38 289 SANDY SILT
4.60 2.5 6.4 1.70 0.47 0.30 1.73 4.7 144 37 258 SANDY SILT
4.80 2.7 7.2 1.90 0.49 0.32 1.89 4.9 167 37 306 SILTY SAND
5.00 2.5 6.5 1.80 0.50 0.34 1.82 4.4 148 36 253 SILTY SAND
5.20 3.1 6.7 1.80 0.52 0.36 1.37 5.2 136 37 253 SANDY SILT
5.40 3.1 7.6 1.80 0.53 0.38 1.65 5.1 167 37 310 SANDY SILT
5.60 3.2 3.8 1.70 0.55 0.40 0.23 5.1 23 1.2 4.3 42 0.39 CLAY
5.80 2.8 5.4 1.70 0.56 0.42 1.10 4.2 97 1.0 3.2 160 0.32 SILT
6.00 2.7 6.6 1.80 0.58 0.44 1.69 4.0 144 36 233 SANDY SILT
6.20 3.1 4.6 1.70 0.59 0.46 0.61 4.4 58 1.1 3.4 96 0.35 CLAYEY SILT
6.40 3.1 3.8 1.70 0.61 0.48 0.28 4.3 27 1.0 3.3 44 0.35 CLAY
6.60 3.1 5.6 1.70 0.62 0.50 0.97 4.2 93 1.0 3.2 152 0.35 SILT
6.80 3.1 6.2 1.70 0.63 0.52 1.23 4.0 117 36 187 SANDY SILT
7.00 2.8 5.7 1.70 0.65 0.54 1.31 3.5 109 35 159 SANDY SILT
7.20 2.9 4.4 1.70 0.66 0.56 0.69 3.5 58 0.88 2.4 83 0.29 CLAYEY SILT
7.40 3.1 5.8 1.70 0.68 0.58 1.08 3.7 101 0.93 2.6 154 0.32 SILT
7.60 3.0 5.3 1.70 0.69 0.60 0.95 3.5 85 0.89 2.4 124 0.31 SILT
7.80 3.0 5.0 1.70 0.70 0.62 0.83 3.4 74 0.88 2.3 105 0.30 SILT
8.00 3.1 4.0 1.70 0.72 0.64 0.39 3.4 35 0.87 2.3 49 0.31 SILTY CLAY
8.20 3.1 4.2 1.70 0.73 0.66 0.48 3.3 43 0.85 2.2 58 0.30 SILTY CLAY
8.40 3.2 4.0 1.70 0.74 0.68 0.33 3.4 31 0.86 2.3 43 0.32 SILTY CLAY
8.60 3.4 4.2 1.70 0.76 0.70 0.31 3.6 31 0.90 2.4 45 0.34 CLAY
8.80 3.4 4.2 1.70 0.77 0.72 0.31 3.5 31 0.88 2.4 44 0.34 CLAY
9.00 3.3 4.0 1.70 0.79 0.74 0.29 3.3 27 0.84 2.1 37 0.32 CLAY
9.20 3.3 4.0 1.70 0.80 0.76 0.29 3.2 27 0.82 2.1 36 0.31 CLAY
9.40 3.3 4.0 1.70 0.81 0.77 0.29 3.1 27 0.81 2.0 35 0.31 CLAY
9.60 3.3 4.0 1.70 0.83 0.79 0.29 3.0 27 0.79 1.9 35 0.30 CLAY
9.80 3.3 4.0 1.70 0.84 0.81 0.30 3.0 27 0.77 1.8 34 0.30 CLAY
10.00 3.4 4.2 1.70 0.85 0.83 0.33 3.0 31 0.78 1.9 39 0.31 CLAY
10.20 3.5 4.4 1.70 0.87 0.85 0.36 3.0 35 0.79 1.9 45 0.32 SILTY CLAY
10.40 3.3 5.6 1.70 0.88 0.87 0.94 2.8 85 0.74 1.7 104 0.29 SILT
10.60 3.9 5.0 1.70 0.90 0.89 0.39 3.3 43 0.85 2.2 59 0.37 SILTY CLAY

Fig. 31. Example of numerical output of DMT results - (1 bar = 100 kPa)

All input data, in particular the uncorrected field readings A and B and the calibration values AA and AB,
must always be reported, either in a separate document or as added columns in the above tabular output.
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VENEZIA LIDO

Figs. 32 and 33 show examples of DMT results in

: H e MATERIAL  ; CONSTRAINED ;  UNDRAINED  , HORIZONTAL
predominantly NC and OC sites. The condition NC Moex 4 MOULUS () SHEAR STRENGTH () STAESS TNOEK
1 [

or OC is clearly identified by Kj (Kp in the vertical plg 0 W00 31158250 24
band between the two dashed lines (Kp = 1.5-2) in f 1‘; A
NC sites, higher K, in OC sites). 2 f
% ot
13. APPLICATION TO ENGINEERING o
PROBLEMS §3 ot =
As mentioned earlier, the primary way of using DMT = :: -—_-;.__E_
results is "design via parameters". N % S
This Section provides some details on the use of
DMT in some specific applications. STAGNO LIVORNO
MATERIAL 7 CONSTRAINED 7 UNDRATNED 7 HORIZONTAL
13.1 SETTLEMENTS OF SHALLOW FOUNDATIONS I Y 0 T I N A U i
Predicting settlements of shallow foundations is J[TTFE)L] 2 = P *
probably the No. 1 application of the DMT, 2 o : Z Z |
especially in sands, where undisturbed sampling and 12 2 ;g 2, =" |
estimating compressibility are particularly difficult. o N . -
Settlements are generally calculated by means of the 2 2t a 2
one-dimensional formula (Fig. 34): . N . - .
n 30 k] El)
Ser= Yo aw B P !
DMT B 1B 400 80O 5115225 36 9 12
with Ag, generally calculated according to Boussinesq 1 M (oer) Gy (bar) e
and My constrained modulus estimated by DMT. Fig. 32. Examples of DMT results in NC sites
It should be noted that the above formula, being (Kp = 2) - (1 bar = 100 kPa)
based on linear elasticity, provides a settlement
proportional to the load, and is unable to provide a AUGUSTA
non linear prediction. The Predicted .settleme.n'.[ is wEnAL z CONSTRAINED z gD | o
meant to be the settlement in "working conditions"” ol Sl 40 B0 0 | 2 3 4 32 388w
(i.e. for a safety factor Fs = 2.5 to 3.5). :3 :i :i 112‘
13.1.1 Settlements in sand :Z £ :: . i:
Settlements analyses in sand are generally carried out 2 20 20 2
using the 1-D elasticity formula (in 1-D problems, say " . 2 -
large rafts) or the 3-D elasticity formula (in 3-D 2 3 # 2
problems, say small isolated footings). i - _: .
However, based on considerations by many o 1e wo a0 re s 158

.. Id M (bar) Cu (bar) Kd
Authors (e.g. Burland et al. 1977), it is recommended

to use the 1-D formula (Eq. 18) in a/l cases. The
reasons are illustrated in detail by Marchetti (1997). Mn;ﬁglf t :
In case it is opted for the use of the 3-D formulae, e ;
A
6

B00 0

E'can be derived from M using the theory of %5' ik =
elasticity, that, for v = 0.25, provides £'=0.83 M (a ; = : A : S,__
factor not very far from unity). Indeed M and £’ are w5 1y 0 0
often used interchangeably in view of the involved = {_h . : } -
approximation. o | s " ®

. 18 18 19 18
13.1.2 Settlements in clay ap 2 2 20

TARANTO

CONSTRAINED ;  UNORAINED 7 HORIZONTAL
) MODULUS  (n) SHEAR STRENGTH (4) STRESS INDEX
0 1 2.3 ¢5,04811

o oe o oe

v
Eq. 18 is also recommended for predicting 'zi £ ii i’: if
. . .6 1.8 400 B00 12 3 4 4 8 12 16
settlements in clay. The calculated settlement is the Id M (bar) Cu (par) Kd
primary settlement (i.e. net of immediate and
secondary), because Mpyy is to be treated as the Fig. 33. Examples of DMT results in OC sites
average E,.; derived from the oedometer curve (Kp >> 2) - (1 bar = 100 kPa)
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Fig. 34. Recommended settlement calculation

in the expected stress range.

It should be noted that in some highly structured
clays, whose oedometer curves exhibit a sharp break
and a dramatic reduction in slope across the
preconsolidation pressure p'., Mpyr could be an
inadequate average if the loading straddles p’..
However in many common clays, and probably in
most sands, the M fluctuation across p'. is mild, and
Mpur can be considered an adequate average
modulus.

In 3-D problems in OC clays, "according to the
book", the Skempton-Bjerrum correction should be
applied. Such correction in OC clays is often in the
range 0.2 to 0.5 (<<1). However considering that:
— The application of the Skempton-Bjerrum

correction is equivalent to reducing S; pyr by a
factor 2to 5
— Terzaghi & Peck's book states that in OC clays
"the modulus from even good oedometers may be
2 to 5 times smaller than the in situ modulus”
these two factors approximately cancel out.

Therefore, pending a specific study on this subject,

it is suggested to adopt as primary settlement (even

in 3-D problems in OC clays) directly S;.pyr from Eq.

18, without the Skempton-Bjerrum correction (while
adopting, if applicable, the rigidity and the depth
corrections).

13.1.3 Comparison of DMT-calculated vs
observed settlements

Many investigators have presented comparisons of

observed vs DMT-predicted settlements, reporting

generally satisfactory agreement.

Schmertmann (1986) reports 16 case histories at
various locations and for various soil types. He found
an average ratio calculated/observed settlement =~
1.18, with the value of that ratio mostly in the range
0.75to 1.3.

Fig. 35 (Hayes 1990) confirms the good agreement
for a wide settlement range. In such figure the band
amplitude of the datapoints (ratio between maximum
and minimum) is approximately 2. Or the observed
settlement is within + 50 % from the DMT-predicted
settlement.

Similar agreement has been reported by others
(Lacasse & Lunne 1986, Skiles & Townsend 1994,
Steiner et al. 1992, Steiner 1994, Woodward &
Mclntosh 1993, Failmezger et al. 1999, Didaskalou
1999, Pelnik et al. 1999).

13.2 AXIALLY LOADED PILES
13.2.1 Driven piles

13.2.1.1 The DMT-0,,. method for piles driven in clay
The DMT-6;. method (Marchetti et al. 1986) was
developed for the case of piles driven in clays. The
method is based on the determination of G
(effective horizontal stress against the DMT blade at
the end of the reconsolidation). Then a p factor is
applied to 6';, and the product is used as an estimate
of the pile skin friction (f; = p G's).

The DMT-6,,. method has conceptual roots in the
theories developed by Baligh (1985). However, in
practice, the method has two drawbacks:

(a) In clays, the determination of G',. can take
considerable time (the reconsolidation around the
blade of low permeability clays can take many
hours, if not one or two days), which makes the
G5 determination expensive (especially in
offshore investigations).

(b) The p factor has been found to be not a constant,
but a rather variable factor (mostly in the range
0.10 to 0.20). Therefore, until methods for

— 300
E ( '
E 250
et | |
S 200
g X
= pd
= 150
o - Py
2 100 £ 2
c A 8
g 50 f/}‘
© o
0 50 100 150 200 250 300

DMT-calculated settlement (mm)

Fig. 35. Observed vs DMT-calculated settlements
(Hayes 1990)
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guiding the selection of p are developed, the
uncertainty in f; is too wide. Nevertheless, in
important jobs, the method could helpfully be
used to supplement other methods, e.g. for
getting information on the shape of the f; profile,
or for estimating a lower bound value of f; using
p =0.10.
13.2.1.2 Method by Powell et al. (2001 b) for piles
driven in clay
Powell et al. (2001 b) developed a new method for
the design of axially loaded piles driven in clay by
DMT. The method was developed based on load
tests on about 60 driven or jacked piles at 10 clay
sites in UK, Norway, France and Denmark, as part of
an EC Brite EuRam Project.

This method predicts the pile skin friction ¢, from
the material index Ip and (p; - po). The recommended
design formulae for skin friction in clay (both tension
and compression piles) are:

I<0.1 ¢ /p1-po) =0.5 (19)
0.1<Ip<0.65 q/p: - po) =-0.73077 Ip +0.575 (20)
Ip>0.65 g /p1 - po) = 0.1 @

A slightly modified form of the above equations was
proposed for predicting ¢, of compression piles only:
I5<0.6 q;/p1 - po) =-1.11111, + 0.775 (22)
I,>0.6 q:/(p1 - po) =0.11 (23)
For the upper parts of the pile where 7/R > 50 (h =
distance along the pile upwards from the tip, and R =
pile radius), in both cases the above values should be
multiplied by 0.85.

The pile unit end resistance ¢, is evaluated as:

qp = kai pie (24)
where p,. is the equivalent p, (a suitable average
beneath the base of the pile) and & is the "DMT

bearing capacity factor". For closed ended driven
piles the recommended values for k,; are:

forEp>2MPa  k;=13 (25)
for Ep<2MPa  ks=0.7 (26)

For open ended piles multiply these values by 0.5.
The criteria for the variation of k; with soil type
need to be established from a larger database of pile
and DMT results to establish the transition at Ep =2

MPa.

Based on comparisons with the measured capacity
of a large number of piles, Powell et al. (2001 a & b)
conclude that the general shaft resistance method for
all piles (both tension and compression) shows good
potential for use in design, and performs at least as
well as other methods currently available.
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Fig. 36. Predicted vs measured ultimate pile
capacity using the DMT compression pile method
(Powell et al. 2001 a)

The modified method for estimating ¢, for
compression piles only based on DMT (Eqns. 22 - 23)
was found to predict more accurately the observed
shaft capacity of compression piles, g, being derived as
above (Fig. 36). This modified method based on DMT
was found to outperform other methods investigated
for compression piles (Powell et al. 2001 a).

13.2.1.3 Horizontal pressure against piles driven in

clay during installation
Totani et al. (1994) report a finding of practical

interest to engineers having to decide the thickness of
the shell of mandrel-driven piles in clay. The paper
describes measurements of o (total) on a pile 57 m
long, 508/457 mm in diameter, driven in a slightly OC
clay. The pile was instrumented with 8 total pressure
cells. Cells readings (0, against the pile) were taken
during pauses in driving. The o, values were found at
each depth virtually equal to p, determined by a
normal DMT.

This finding is in accordance to theoretical findings
by Baligh (1985), predicting o, independent from the
dimensions of the penetrating object (these results
suggest independence of o, even from the shape).

13.2.1.4 Low skin friction in calcareous sand

Some calcareous sands are known to develop
unusually low skin friction, hence very low lateral pile
capacity.

DMTs performed in calcareous sand (Fig. 37) have
indicated unusually low K values in such sands. This
suggests: (a) The low f; in these sands is largely due
to low G%. (b) The low Kj measured by DMT in
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Fig. 37. DMT results in the Plouasne (Brittany)
calcareous sand (Kp << 2) - (1 bar = 100 kPa)

calcareous sands is possibly usable as a warning of
low skin friction.

13.2.2 Screw piles

Peiffer (1997) developed a method for estimating the
skin friction of Atlas screw piles based on p, from
DMT. The DMT is run in the usual way, but is
performed next to the pile (one diameter away from
the shaft) after its execution.

This method is intermediate between a real design
method and a pile load test. It is not a pre-execution
design method because the skin friction is estimated
after the pile has been executed. Nor is it a load test,
because the skin friction is estimated not by loading
the pile, but from DMT-determined properties of the
after-pile-installation soil, in accord with the widely
recognized notion that pile capacity largely depends
on execution, besides soil type.

13.2.3 Bored piles

No special DMT-based methods have been developed
for the design of bored piles, which is generally
carried out via soil parameters.

However the method developed by Peiffer (1997)
for skin friction on screw piles (perform DMT in the
soil surrounding the pile, see above Section) is in
principle applicable also to bored piles.

13.2.4 Monitoring pile installation effects

The DMT has also been used extensively by Ghent
investigators (Peiffer & Van Impe 1993, Peiffer et al.
1993, Peiffer et al. 1994, De Cock et al. 1993) for
comparing soil changes caused by various pile
installation methods. For instance De Cock et al.
(1993) describe the use of before/after DMTs to
verify, in terms of Kp, the installation effects of the
Atlas pile (Fig. 38).

13.3 LATERALLY LOADED PILES

Methods have been developed for deriving P-y
curves from DMT results. For a single pile the
authors recommend the methods developed by
Robertson et al. (1987) and by Marchetti et al.
(1991). Note that all methods address the case of first
time monotonic loading.

13.3.1 Robertson et al. (1987) method (clays and
sands)

The Robertson method is an adaptation of the early
methods estimating the P-y curves from soil
properties obtained in the laboratory (Skempton €5, -
Matlock 1970 cubic parabola approach). In the
Robertson method such "laboratory soil properties”
are inferred from DMT results. Then the method
continues in the same way as the Matlock method.

A detailed step-by-step procedure to derive the P-y
curves from DMT, both for sands and clays, can be
found in Robertson et al. (1987), or in US DOT
(1992).

Validations of the Robertson method by Marchetti
et al. (1991) indicated remarkably good agreement
between predicted and observed behavior.

13.3.2 Marchetti et al. (1991) method (clays)
Marchetti et al. (1991) developed further the
Robertson method for clay, eliminating from the
correlation chain the tortuous step of estimating by
DMT the "laboratory soil properties”, and evolved a
straightforward procedure deriving the P-y curves
directly from DMT data (in clays).

The P-y curve at each depth is completely defined
by a hyperbolic tangent equation having the

Kd
0 2 4 8 12 16
0 L —— } -
24 :I .
g
! I before
E 64 | <Tprafter
= II ‘—_‘_}vplle .
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104 ”
121 ||
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Fig. 38. Before/after DMTs for comparing
installation effects of various piles (here an Atlas
pile) - DeCock et al. (1993)
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non-dimensional form:

P _ ann| 2 27
Pln' Pu

with
Pio=0- K- (py—uo) - D (28)
Ei=o-K;  Ep (29)
a=112._2 < 30)

3 37D

where

P, = ultimate lateral soil resistance [F/L]

E,; = initial tangent "soil modulus" [F/L?]

¢ = non-dimensional reduction factor for depths
less than z =7 D (o becomes 1 for z=7 D)

py = corrected first DMT reading

g =in situ pore pressure

D = pile diameter

z = depth

K, = empirical soil resistance coefficient: K, = 1.24

K, = empirical soil stiffness coefficient:
K:=10-(D/0.5m)>’

The authors had several occasions to compare the

behaviour of laterally loaded test piles with the

behaviour predicted by the Marchetti et al. (1991)

method. They found an amazingly good agreement

between observed and predicted pile deflections.

A number of independent validations (NGI,
Georgia Tech and tests in Virginia sediments) have
indicated that the two methods provide similar
predictions, in good agreement with the observed
behavior.

It may be noted that DMT provides data even at
shallow depths, i.e. in the layers dominating pile
response.

13.3.3 Laterally loaded pile groups

A method was developed by Ruesta & Townsend in
1997. The method, based on the results of a large-
scale load test on a 16 piles group, derives the P-y
curves from DMT/PMT.

13.4 DETECTING SLIP SURFACES IN OC CLAY
SLOPES

Totani et al. (1997) developed a quick method for

detecting active or old slip surfaces in OC clay

slopes, based on the inspection of the K, profiles.

The method is based on the following two elements:

(a) The sequence of sliding, remolding and
reconsolidation (illustrated in Fig. 39) generally
creates a remolded zone of nearly normally
consolidated clay, with loss of structure, aging or
cementation.

1. SLIDING 2. REMOULDING

T T

3. RECONSOLIDATION 4. INSPECT K, PROFILE
(NC STATE)

Fig. 39. DMT-K), method for detecting slip
surfaces in OC clay slopes

(b) Since in NC clays Kp = 2, if an OC clay slope
contains layers where K, = 2, these layers are
likely to be part of a slip surface (active or
quiescent).

In essence, the method consists in identifying zones

of NC clay in a slope which, otherwise, exhibits an

OC profile, using K, = 2 as the identifier of the NC

zones. Note that the method involves searching for a

specific numerical value (K, = 2) rather than for

simply "weak zones", which could be detected just as
easily also by other in situ tests.
The method was validated by inclinometers or

otherwise documented slip surfaces (see Fig. 40).

The "Kp method" provides a faster response than
inclinometers in detecting slip surfaces (no need to
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Fig. 40. Examples of K, = 2 in documented slip
surfaces in two OC clay slopes - (1 bar = 100 kPa)
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wait for movements to occur). Moreover, the method
enables to detect even possible quiescent surfaces
(not revealed by inclinometers), which could
reactivate e.g. after an excavation.

On the other hand, the method itself, unlike
inclinometers, does not permit to establish if the slope
is moving at present and what the movements are. In
many cases, DMT and inclinometers can be used in
combination (e.g. use K profiles to optimize
location/depth of inclinometers).

13.5 MONITORING DENSIFICATION / STRESS
INCREASE

The DMT has been frequently used for monitoring

soil improvement, by comparing DMT results before

and after the treatment (see e.g. Fig. 41). Compaction

is generally reflected by a brisk increase of both Kp

and M.

Schmertmann et al. (1986) report a large number of
before/after CPTs and DMTS carried out for
monitoring dynamic compaction at a power plant site
(mostly sand). The treatment increased substantially
both g. and Mpyr. The increase in Mpyyr was found to
be approximately rwice the increase in g..

Jendeby (1992) reports before/after CPTs and
DMTs carried out for monitoring the deep
compaction produced in a loose sand fill with the
"vibrowing". He found a substantial increase of both
q. and Mpyr, but Mpyrincreased at a faster rate
(nearly mwice, see Fig. 42), a result similar to the
previous case.

Pasqualini & Rosi (1993), in monitoring a vibro-

M pur (kPa)
0 80 160

Depth (m)

Fig. 41. Before/after DMTs for compaction
control (resonant vibrocompaction technique,
Van Impe et al. 1994)
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Fig. 42. Ratio Mpur/q. before/after compaction of
a loose sand fill (Jendeby 1992)

flotation treatment, noted that the DMT clearly
detected the improvement even in layers marginally
influenced by the treatment, where the benefits were
undetected by CPT.

All the above results concurrently suggest that the
DMT is sensitive to changes of stresses/density in the
soil and therefore is well suited to detect the benefits
(in particular increased o, and increased D,) of the
soil improvement.

An interesting consideration by Schmertmann et al.
(1986) is that, since treatments are often aimed at
reducing settlements, it would be more rational to
base the control and set the specifications in terms of
minimum M rather than of minimum D,.

Stationary DMT as pressure sensing elements
DMT blades have also been used to sense variations

in stress state/density using them not as penetration
tools, but as stationary spade cells. In this application
DMT blades are inserted at the levels where changes
are expected, then readings (only A) are taken with
time. Various applications of this type have been
reported. Peiffer et al. (1994) show (Fig. 43)

-

casting the concrete
| of PCS pile

g

top of

7 " COI;)ICI‘EIS depth

screwing dowrhi—‘*—*—m
lol’ PCS auger |l
i |

A-readings DMT (kPa)

g B0

3 i3 00
Time (min)

Fig. 43. Stationary DMT blades left in place to
feel stress variations caused by the nearby
installation of a screw pile (Peiffer et al. 1994)

35

163



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

representative results of such application, where a
DMT blade was left in the soil waiting for the
installation of a PCS auger pile. The clear distance
between the blade and pile face was 1 pile diameter.
Sufficient time was allowed for stabilization of the
DMT A-reading before starting pile insertion.

Fig. 43 shows that the A-readings reflected clearly
the reconsolidation, the screwing of the piles and the
casting of the concrete.

It may be noted that DMT blades used as stationary
pressure cells, while able to detect stress variations,
do not provide absolute estimates of the stresses
before and after construction, in contrast with
before/after continuous DMTs. Note also that each
stationary blade can provide information only at one
location.

13.6 MONITORING SOIL DECOMPRESSION

The DMT has been used not only to feel the increase,
but also the possible reduction of density or
horizontal stress.

Peiffer and his colleagues, as mentioned in Section
13.2.4, used the DMT to monitor the decompression
caused by various types of piles.

Some investigators (e.g. Hamza & Richards 1995
for Cairo Metro works) have used before/after DMTs
to get information on the decompressed volume of
soil behind diaphragm walls.

13.7 SUBGRADE COMPACTION CONTROL

Some experience exists on the use of DMT for
evaluating the suitability of the compacted ground
surface (i.e. the subgrade soil) to support the road
superstructure (subbase, base, pavements).

Borden (1986), based on laboratory work on A-2-4
to A-7-5 soils, tentatively suggested to estimate
CBR % (corrected, unsoaked) as:

CBR % = 0.058 Ep (bar) 0475 31

(1 bar = 100 kPa)

Marchetti (1994) describes the use of DMT as a fast
acceptance tool for the subgrade compaction in a
road in Bangladesh. The procedure was the
following:

— Perform a few preliminary DMTs in the accepted
subgrade (i.e. satisfying the contract specifications)
— Draw an average profile through the above Mpyr

profiles and use it as an acceptance profile (Fig. 44).

The acceptance Mpyr profile could then be used as an
economical production method for quality control of
the compaction, with only occasional verifications by
the originally specified methods (Proctor,
laboratory/in situ CBR and plate load tests).

Mour (MPa)
.
25-26 cm
< 260 S

/A

Fig. 44. Example of Mpyr acceptance profile for
verifying subgrade compaction (Marchetti 1994)

Interestingly, all the after-compaction M pyr profiles
had the typical shape of the profile shown in Fig. 44,
with the maximum M pyy found almost invariably at
25-26 cm depth.

Cases have been reported of after-construction
checks with the blade penetrating directly through
asphalt.

It can be noted that many today's methods of
pavement design make use of moduli rather than
other parameters. Hence the availability of the Mpyr
profiles may be of some usefulness.

13.8 LIQUEFACTION

Fig. 45 summarizes the available knowledge for
evaluating sand liquefiability by DMT. The curve
currently recommended to estimate the cyclic
resistance ratio (CRR) from the parameter Kp, is the
curve by Reyna & Chameau (1991). Such curve is
based for a significant part on their curve Kp-D,
(relative to NC sands) shown in Fig. 21.
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Fig. 45. Recommended curve for estimating CRR
from Kp (Reyna & Chameau 1991)
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This Kz D, correlation has been confirmed by
additional datapoints obtained by Tanaka & Tanaka
(1993 at the sites of Ohgishima and Kemigawa,
where D, was determined on high quality frozen
samples.

Once CRE has been evaluated from Fig. 43, it is
used in liquefaction analysis with the methods
developed by Seed (a detailed step-by-step procedure
can be found in U3 DOT 1992).

The demonstrated high sensitivity of the DMT in
monitoring densification suggests that the DMT may
be a sensitive tool also for sensing sand liguefiability.
In fact a liguefiable sand may be regarded as a sort of
"negatively compacted” sand, and it appears plansible
that the DMT sensitivity holds in the positive and
negative range.

Fig. 43, in combination with the available
experience (see Marchetti 1997), snggests that a
clean sand (natural or sandfill}) is adequately safe
against liquefaction (M = 7.5 earthquakes) for the
following Xp values:

— Non seismic areas: Kp» 1.7

— Low selsmicity areas (Gupae/g=0.13): Kp> 4.2

— Medinm seismicity amas (/g =023 Kp> 3.0
— High seismicity areas (a,,,/g=0330 Kp> 3.3

13.9 UsE OFDMT FOR FEM INPUT PARAMETERS

Various approaches have been attempted so far.

(a) Use the simplest possible model (linear elastic)
assigning to the Young's modulus £' = 0.8 M rasr.
An exgample of such application is illustrated by
Hamza & Richards (1993).

(b) Model the dilatometer test by a finite elements
(FEM) computer program by adjusting the input
parameters until the DMT results are correctly
“predicted”. This approach has the shortcoming
of requiring many additional (unknown)
parameters.

(¢} Another more feasible approach, in problems
where linear elasticity is known to give
inadequate answers (e.g. settlements outside
diaphragm walls), is to check the set of intendad
FEM parameters as follows. Predict for a simple
case of simple loading the settlement by DMT
(genenlly predicting well such settlements - see
Section 13.1). Then repeat for the same loading
case the seftlement prediction by FEM. The
comparison of the two predicted settlements may
help in the final cheice of the FEM parameters,
Alematively, simulate by FEM a simple
laboratory test (e.g. oedometer), adjusting the
FEM input parameters to improve the matching

of MFEMVS MDMT,

{dy Other approaches try to identify an "equivalent
representative average" DMT strain, with the
intent of producing a point in the G-y degradation
curve.

14. SPECIAL CONSIDERATIONS

14.1 DISTORTIONS CAUSED BY THE PENETRATION
Fig. 46 compares the distortions caused in clay by
conical tips and by wedges (Baligh & Scott 1975].
The deformed grids show that distortions are
considerably lower for wedges.

Davidson & Boghrat (1983 observed, using a
stereo photograph technique, the strains produced in
gand by CPT tips and by DMT blades. The strains in
the sand surrounding the cone were found to be
considerably higher.

14.2 PARAMETER DETERMINATION BY
"TRIANGULATION"

In situ tests represent an "inverse boundary

conditions” problemn, since they measure fixed soil

respouses rather than pure soil properties. In orderto

isolate pure soil properties, it is necessary a

"triangulation” (a sort of matrix inversion).

The "triangulation” is possible if more than one
response has been measured.

The availability of twe independent responses by
DMT permits some elementary form of response
combination. E.g. Mparis obtained using both pg and
P

It may be remarked that one of the two responses,
o (hence Kp), reflects stress history, a factor often
dominating soil behavior (e.g. compressibility,
liquefiability).

Fig. 46. Deformed grids by Baligh & Scott (1975)
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14.3 ARCHING AND SENSITIVITY TO &,

Hughes & Robertson (1985) analyzed the horizontal
stresses against the CPT sleeve in sands. They
showed that at the level of the conical tip &, reaches
very high values, while, behind the tip, &, undergoes
an enormous stress reduction.

The penetration of the cone creates of zone of high
residual stresses, at some distance from the sleeve.
The resulting stiff annulus of precompressed sand is a
screen limiting Gy, at interface, while the enormous
unloading makes undetermined ;. This mechanism
may be viewed as a form of an arching phenomenon.

A "plane” tip (DMT width/thickness ratio = 6)
should largely reduce arching and improve the
possibility of sensing G,. Also the stress reduction
after the wedge is likewise considerably smaller due
to the streamlined shape in the transition zone.

14.4 COMPLEXITY OF THE THEORETICAL MODELS
The DMT is more difficult to model than
axisymmeitric tips for at least two reasons:

1) The penetration of the DMT blade is a truly
three-dimensional problem, in contrast with the
two-dimensional nature of cone penetration

2) The DMT is made of two stages:

— Stage 1. Insertion.
— Stage 2. Expansion. {Moreover expansion is not
the continuation of Stage 1)

A consequence of 1) and 2) is that theoretical

solutions have been developed so far only for the first

stage (insertion). Solutions have been worked out by

Huang (1989), Whittle & Aubeny (1992), Yu et al.

(1992), Finno (1993).

15. CROSS RELATIONS WITH RESULTS
FROM OTHER IN SITU TESTS

15.1 RELATIONS DMT/PMT

Some information exists about relations between

DMT and pressuremeter (PMT) results. Cross

relations could help DMT users to apply the design

methods developed for PMT.

Preliminary indications, in clays, suggest:

po/pr=08,pr/p, =12 (32)
(Schmertmann 1987}
p]/PLz 1~25:EPMTz 0.4 ED (33)

(Kalteziotis et al. 1991)
where p;, = limit pressure from PMT.

Ortigao et al. (1996} investigated the Brasilia
porous clay by Menard PMT, Plate Loading Tests
(PLT) and DMT. As Kalteziotis, they found that Epyr

was less than half Ep and also Eprr. They explained
such low PMT moduli with soil distuirbance. After
careful correction of the PMT field curve, Epyr Were
similar to Ep and Errr.

Similar ratios (about 1/2) between PMT moduli and
DMT moduli are quoted by Brown & Vinson (1998).

Dumas (1992) reports good agreement between
settlements calculated with PMT and with DMT.

Contributions on DMT/PMT have also been
presented by Lutenegger (1988), Sawada &
Sugawara (1995), Schnaid et al. (2000).

15.2 RELATIONS DMT/CPT
As previously mentioned (Section 11.1.2.2), existing
data suggest, in sand, the following broad cross
relations:
Mpur!q.=5-10  in NC sands 34
Mpur!g.=12-24 in OC sands (35)

15.3 RELATIONS DMT/SPT
According to Schmertmann (1988), the estimation of
Nspr from DMT would be "a gross misuse of the
DMT data ... any such correlation depends on soil
type and is probably site specific and perhaps alsorig
specific”.

As a broad indication, Schmertmann (1988) cites
the following relation, based on data from a number
of US sites:

Nspr = Mpyr (MPa) /3 (36)
Tanaka & Tanaka (1998) based on data from three
sandy sites (Tokyo and Niigata areas) indicate:

NSPT = ED (MPa) /2.5 (37)

Blowcount SPT vs DMT

A limited number of parallel data, obtained in cases
where the DMT was driven with the SPT equipment
in gravels and silts, indicated very similar values of
Nser and Npyr (number of blows per 30 cm blade
penetration).

SUMMARY

The Flat Dilatometer Test (DMT) is a push-in type in
situ test quick, simple, economical, highly
reproducible.

It is executable with a variety of field equipment.

It provides estimates of various design
parameters/information (M, ¢,, soil stratigraphy,
deposit history).

One of the most fitting application is investigating
the in situ soil compressibility for settlements
prediction.
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Interpretations and applications described by various
Authors include:

— Compaction control

— Sensing the effects of pile installations (increase/
decrease of D), and G)

— Liquefiability of sands

— Verify if a slope contains slip surfaces

— Axially loaded piles in cohesive soils

— Laterally loaded piles

— Pavement subgrade compaction control

— Coefficient of consolidation and permeability of
clays

— Phreatic level in sands

— Help in selecting FEM input parameters.
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Appendix IV:

Company Pergam

Data CD with the infrared pictures.
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Die CD-Rom mit den Infrarctaufnahmen:

Company Pergam (2006)

befindet sich am Institut fir Geotechnik, Waolfgang-Pauli-Str. 15, 8093

Zurich und kann jederzeit eingesehen oder zugestellt werden.
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Appendix V:

Sauerbier M. (2006)

“Arbeitstitel: Photogrammetrische Auswertung®.

In preparation.
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Die CD-Rom mit den Luftaufnahmen;

“Arbeitstitel:
Photogrammetrische Auswertung”
Sauerbier M. (2006)

befindet sich am Institut flr Geotechnik, Waolfgang-Pauli-Str. 15, 8093

Zirich und kann jederzeit eingesehen oder zugestellt werden.
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Appendix VI:

Data and analysis

of the Electromagnetic Radiation Measurements.
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EMR measurements: data analysis

Profile Donnerstag neues Gerdt: Vertikalmessungen

c1 1
c2 266 2 1800
c3 40 3 | 160
C4 220 4 1400 4
2321 419 4 1200 1
[ 1578 5 bl
c7 251 [ pog
ca 402 7 a0 "
cs 519 8 Sl g =
c10 621 9 5 g
o 1 2 3 4 s 6 7 9 9 10
R2 273 2
R4 182 4 1800 T
RS 788 5 18
R7 22 6 ihiiey
R8 334 7 j2u
R8.5 a7 7.5 1000
R9 1029 8 200
R9.5 1285 85 i
R10 s s o 7 S —
R10.5 262 o5 il E e
L] 1 2 3 4 5 [ : 8 F] 10
L4 106 4 1800
L5 209 5 1800
7 414 5 1400
L8 868 T 1200
L9 1178 8 1000
Lo 587 9 800 /
800
400 -
200 i
&
o
o 1 2 3 4 5 L] 7 1 a 10
C_Profil_Freitag mit altem Gerit, Vertikalmessungen
SMCO4 304 4
SMCO4/ 283 42 1200
SMC04/2 273 44 1000
SMCO4/3 253 48
SMC04/4 138 48 800 1 /
SMC04/5 162 49 .
SMCO5 200 5
SMC05/1 240 5.2 400 N .S
SMCO5/ 362 54 - "‘Vf
SMCOS/1 434 57
SMCO7 354 [ 8
SMCO7 425 6 2 4 & 2 19 12 #
SMCO7 381 6
SMCO7 273 6
SMCo7 270 6
SMCo8 43 7
SMCo8 334 7
SMCO8B 700 7
SMCO8 817 7
SMCO8 534 7
SMCO8/1 376 7.5
SMCO9 1063 8
SMC10 1127 3
SMC11 323 10
SMC12 1000 i
SMC13 313 12
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

Haupt und Neb

altes Gerit, g Do. & Fr., g tet von den Hor I
Hauptsp. Nebensp. Querprofil Verhaitnis: Nebensp./Hauptsp.
c1 1200 550 1 0.458333
cz 1350 1100 2 0814815 | 4000
c3 1400 100 3 0071429
c4 1500 400 4 02668667 | 000 I—
C4R 1500 400 4 0268667 V
cs 1500 500 5 04| 000 g L 2
C5R 1500 800 5 0533333 2 &
c7_1 1500 1700 6 1.133333 " - bt
C7T_1R 2000 1700 6 oBs | ™® T /
cr2 2500 3200 6 1.28 - il
cs 2500 3000 7 12 o
C8R 2000 2000 7 1 1 2 3 4 i s i ¥ e
ce 2500 3000 8 12 — o
GSR 2300 2500 8 1.086957
c10 2000 2500 9 1.25
C10R 2000 2200 9 14
2
o
o 2 3 4 5 L] 7 2 10
R2 1500 700 2
R4 1500 700 4 1000
RS 1600 1500 5
R7 1500 800 8 3000
RE 1500 2000 7
RS 2000 2000 8 300
R10 1600 1600 9 . 2 2
R10_5 3200 2800 9.5
1000 " ~
° -
1 2 3 4 5 L] T o 10
L4 1500 1 4
Ls 1400 1100 5 4000
L7 1600 1200 6 "
L7R 1000 500 6 3000 8
L8 1800 2500 7 '/: %
L8R 1800 2200 7 3
Lo 2500 3000 8 Cesd c . L )
LSR 3500 3500 8 A +7 -
110 1800 1800 5 1o0a /
L11R 1500 2200 10
L12R 1400 1 1 0
L13R 1200 1 12 H 4 s 8 10 12 14
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

EMR measurement data at single points

SMCon:
Object - sm , Profile - ¢ .13.07.2006 16:45:48 1444
[Picket [ParametrA_|ParametrB_|ParamelrC_|ParamelrD_|Paramete_JAzimuth _[Time
1208 57 32 247 86 0 13.07.2004 09:02
5 1215 53 31 251 86 0 13.07.2004 09:02
10 1149 57 31 245 86 0 13.07.2004 09:02
15 1147 61 31 230 86 0 13.07.2004 09:02
20 1138 62 31 236 86 0 13.07.2004 08:02
25 1101
30 1054
35 1039
40 1001
45 905
50 783
55 614
60 532
85 480
70 455
5 374
80 300
85 240
80 175
95 162
100 163
105 150
110 164
115 145
120 224
125 251
130 310
135 435
140 550
145 778
150 905
155 977
160 1089
165 1145
170 1157
175 1191
180 1227
185 1198
190 1184
195 1130
200 1159
205 1076 68 30 212 86 0 13.07.2004 09:03
210 938 96 30 174 86 0 13.07.2004 09:03
215 761 115 27 119 a8 0 13.07.2004 09:04
220 744 11 27 118 86 0 13.07.2004 09:04
225 726 120 27 112 86 0 13.07.2004 09:04
230 538 90 2% 80 86 0 13.07.2004 09:04
235 326 38 25 16 86 0 13.07.2004 09:04
240 254 24 23 11 105 0 13.07.2004 09:04
245 215 15 23 T 105 0 13.07.2004 09:04
250 182 12 23 4 a7 0 13.07.2004 09:04
255 216 21 24 8 105 0 13.07.2004 09:04
260 175 10 23 5 105 0 13.07.2004 09:04
2865 197 18 21 8 82 0 13.07.2004 09:04
270 171 12 27 17 71 0 13.07.2004 09:04
275 150 7 33 9 78 0 13.07.2004 09:04
280 166 6 23 2 105 0 13.07.2004 09:04
285 232 21 24 8 82 0 13.07.2004 09:04
280 379 46 23 25 82 0 13.07.2004 09:04
295 554 84 24 80 82 0 13.07.2004 09:04
300 518 75 24 85 &6 0 13.07.2004 09:04
305 453 57 25 32 82 0 13.07.2004 09:04
310 422 61 24 35 82 0 13.07.2004 09:04
315 714 95 26 98 86 0 13.07.2004 09:04
320 770 104 27 118 86 0 13.07.2004 09:04
325 1020 82 29 183 86 0 13.07.2004 09:04
330 1102 62 30 213 86 0 13.07.2004 09:04
335 1147 60 30 218 86 0 13.07.2004 09:04
340 1118 56 30 225 86 0 13.07.2004 0%:05
345 1142 49 31 237 86 0 13.07.2004 09:05
350 1142 47 30 227 86 0 13.07.2004 09:05
355 1197 45 32 256 86 0 13.07.2004 09:05
360 1220 48 32 249 86 0 13.07.2004 09:05
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCoz:
Object - sm , Profile - c2 ,13.07.2006 16:46:53
P]mkr-\ [F’:wmnrmér»’\ [ParametrB_[ParametrC_[ParametrD [ParametrE_JAzimuth TTime |
a 1342 26 33 287 86 0 13.07.2004 09:48
5 1359 26 34 299 86 0 13.07.2004 09:48
10 1332 28 33 283 86 0 13.07.2004 09:48
15 1308 27 33 283 86 0 13.07.2004 09:48
20 1232 48 33 274 86 0 13.07.2004 09:48
25 1278
30 1221
35 1225
40 1220
45 1066
50 907
55 872
80 796
65 729
70 858
75 456
80 403
85 3an
90 330
95 247
100 181
105 119
110 131
115 121
120 168
125 211
130 229
135 283
140 398
145 618
150 1044
155 1171
160 1101
165 1157
170 1284
175 1283
180 1331
185 1305
180 1306
195 1316
200 1298
205 1248 44 33 279 86 0 13.07.2004 09:50
210 1168 50 32 249 86 0 13.07.2004 09:50
215 1080 70 30 215 86 0 13.07.2004 09:50
220 984 84 30 196 86 0 13.07.2004 09:50
225 866 101 28 151 86 0 13.07.2004 09:50
230 748 108 28 114 86 0 13.07.2004 09:50
235 636 97 27 7 82 0 13.07.2004 09:50
240 505 71 25 46 a6 0 13.07.2004 09:50
245 444 66 24 38 86 0 13.07.2004 09:50
250 422 55 25 31 86 0 13.07.2004 09:50
255 314 37 24 16 101 0 13.07.2004 09:50
260 233 22 22 9 105 0 13.07.2004 09:50
265 214 14 22 5 82 0 13.07.2004 09:50
270 135 T 20 2 108 0 13.07.2004 09:50
275 130 5 18 1 86 0 13.07.2004 09:50
280 159 12 26 ] 97 0 13.07.2004 09:50
286 156 8 21 3 82 0 13.07.2004 09:50
290 224 21 23 8 82 0 13.07.2004 09:50
295 233 15 26 13 82 0 13.07.2004 09:50
300 354 49 24 24 82 0 13.07.2004 09:50
305 420 51 24 36 82 0 13.07.2004 09:50
310 493 65 24 47 82 0 13.07.2004 09:51
315 831 71 25 83 86 0 13.07.2004 09:51
320 760 90 26 119 86 0 13.07.2004 09:51
325 1066 65 28 197 86 0 13,07,2004 09:51
330 908 73 29 181 86 0 13.07.2004 09:51
335 1050 71 30 190 86 0 13.07.2004 09:51
340 1138 54 30 224 86 0 13.07.2004 09:51
345 1240 35 3 262 86 0 13,07.2004 09:51
350 1317 30 32 279 86 0 13.07.2004 09:51
355 1322 29 32 281 86 0 13.07.2004 08:51
360 1343 31 33 293 86 0 13,07.2004 09:51
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMRo2:
Object - sm , Profile - r2 ,13.07.2006 16:46:33
[Picket [ParametrA_|Parametrs_|ParametrC_JParametrD _[Parametrt_[Azimuth_JTime 1
1506 12 36 362 86 0 13.07.2004 09:34
5 1540 10 36 376 86 0 13.07.2004 09:34
10 1524 6 35 366 86 0 13.07.2004 09:34
15 1557 5 36 369 86 0 13.07.2004 09:34
20 1529
25 1482
30 1452
35 1460
40 1453
45 1378
50 1255
55 1189
60 1163
65 938
70 800
75 776
80 694
85 630
90 673
95 560
100 449
105 281
110 404
115 388
120 390
125 411
130 500
135 548
140 740
145 1007
150 1225
155 1320
160 1380
165 1415
170 1450
175 1508
180 1524
185 1537
190 1547
195 1498
200 1494 7 35 361 86 0 13.07.2004 09:35
205 1496 13 37 366 86 0 13.07.2004 09:35
210 1439 19 34 343 86 0 13.07.2004 09:35
215 1367 25 33 314 86 0 13.07.2004 09:35
220 1385 17 33 327 86 0 13.07.2004 09:35
225 1170 63 31 241 86 0 13.07.2004 09:35
230 973 107 29 167 86 0 13.07.2004 09:35
236 891 104 28 142 86 0 13.07.2004 09:35
240 810 113 27 121 86 0 13.07.2004 09:35
245 811 110 27 116 86 0 13.07.2004 09:35
250 648 95 27 80 106 0 13.07.2004 09:35
255 616 87 25 63 108 0 13.07.2004 09:35
260 548 87 25 53 105 0 13.07.2004 09:35
265 512 I 25 46 105 0 13.07.2004 09:36
270 445 88 25 33 105 0 13.07.2004 09:36
275 407 53 25 29 105 0 13.07.2004 09:36
280 405 56 24 32 105 0 13.07.2004 09:36
285 426 64 23 33 82 0 13.07.2004 09:36
290 594 91 23 66 86 0 13.07.2004 09:36
205 596 &7 23 66 86 0 13.07.2004 09:36
300 782 96 25 15 86 0 13.07.2004 09:36
305 806 87 25 119 86 0 13.07.2004 09:36
310 924 86 26 144 86 0 13.07.2004 09:36
315 898 91 26 138 86 0 13.07.2004 09:36
320 1023 68 28 180 86 0 13.07.2004 08:36
326 1237 40 31 255 86 0 13.07.2004 09:36
330 1435 14 32 264 86 0 13.07.2004 08:36
335 1442 20 33 300 86 0 13.07.2004 09:36
340 1503 13 34 319 86 0 13.07.2004 09:36
345 1479 16 33 311 86 0 13.07.2004 09:36
350 1538 9 34 339 86 0 13.07.2004 09:36
355 1560 9 35 352 86 0 13.07.2004 09:36
360 1544 9 35 358 86 0 13.07.2004 09:36
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCos3:
Obiject - sm , Profile - c3 ,13.07.2006 16:47:19
[Picket JParametrA_|ParametrB_]ParametrC_|ParametrD [ParametrE_JAzimuth _[Time |
[ 1379 19 35 328 86 0 13.07.2004 10:10
5 1431 12 35 352 86 0 13.07.2004 10:10
10 1435 15 35 353 86 0 13.07.2004 10:10
15 1434 12 36 360 86 0 13.07.2004 10:10
20 1438
25 1470
30 1411
35 1382
40 1320
45 1266
50 1298
55 1148
60 1175
65 1084
70 839
75 639 \
80 642 \
85 580 *
50 a7 §§ A
5 478 ‘&.\\
100 440 =-§"
105 239 — .
e e I
A g
120 208 )
125 167 9,«
130 196 <A
135 232 4
140 217
145 429
150 619
155 1084
160 1172
165 1175
170 1285
175 1362
180 1362
185 1428
190 1426
195 1418
200 1379 17 35 347 86 0 13.07.2004 10:12
205 1364 18 34 341 86 0 13.07.2004 10:12
210 1355 18 34 334 86 0 13.07.2004 10:12
215 1248 46 33 295 86 0 13.07.2004 10:12
220 1208 49 33 278 86 0 13.07.2004 10:12
225 1113 66 az 246 86 0 13.07.2004 10:12
230 1139 84 3z 248 86 0 13.07.2004 10:12
235 850 113 30 158 86 0 13.07.2004 10:12
240 692 112 28 101 108 0 13.07.2004 10:12
245 671 102 27 93 86 0 13.07.2004 10:12
250 565 89 2 64 86 0 13.07.2004 10:12
255 445 88 25 42 105 0 13.07.2004 10:12
260 ass 50 24 24 86 0 13.07.2004 10:12
265 298 28 25 17 105 0 13.07.2004 10:12
270 217 17 25 7 105 0 13.07.2004 10:12
275 243 21 23 9 108 0 13.07.2004 10:12
280 207 15 24 6 105 0 13.07.2004 10:12
285 193 19 23 7 105 0 13.07.2004 10:12
260 202 18 22 6 86 0 13.07.2004 10:12
295 300 20 23 11 82 0 13.07.2004 10:12
300 255 21 22 10 82 0 13.07.2004 10:12
305 256 25 22 10 82 0 13.07.2004 10:12
310 317 34 23 17 82 0 13.07.2004 10:12
315 461 71 25 46 86 0 13.07.2004 10:12
320 751 a1 26 121 86 0 13.07.2004 10:12
325 891 86 27 151 86 0 13.07.2004 10:13
330 937 74 29 183 86 0 13.07.2004 10:13
335 1130 52 31 229 86 0 13.07.2004 10:13
340 1152 a8 30 225 86 0 13.07.2004 10:13
345 1331 29 33 302 86 0 13.07.2004 10:13
350 1377 28 34 314 86 0 13.07,2004 10:13
355 1387 23 34 316 86 0 13.07.2004 10:13
380 1404 14 34 329 8 0 13.07.2004 10:13
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLo4:
Object - sm , Profile - 14 ,13.07.2006 16:47:30
[Picket [ParametrA_|Parametr8_JParametrC_|ParametrD [Paramet€ JAzimuth _JTime ]
0 1498 8 37 386 86 0 13.07.2004 10:27
5 1511 1 37 392 86 0 13.07.2004 10:27
10 1489 12 37 385 86 0 13.07.2004 10:27
15 1519 11 38 412 86 0 13.07.2004 10:27
20 1523
25 1521
30 1523
35 1504
40 1559
45 1449
50 1446
55 1369
60 1136
65 1157
70 898
6] 821
80 755
85 700
90 475
95 441
100 380
105 256
110 160
115 148
120 147
125 241
130 249
135 317
140 576
145 845
150 923
155 970
160 1165
185 1291
170 1360
175 1437
180 1479
185 1517
190 1525
195 1539
200 1521 10 38 413 86 0 13.07.2004 10:28
205 1515 6 38 413 86 0 13.07.2004 10:28
210 1460 17 37 393 86 0 13.07.2004 10:28
215 1483 10 37 407 86 0 13.07.2004 10:28
220 1431 23 37 380 86 0 13.07.2004 10:28
225 1286 3% 34 316 86 0 13.07.2004 10:28
230 1052 75 3z 231 86 0 13.07.2004 10:28
235 900 103 30 165 86 0 13.07.2004 10:28
240 831 111 28 148 86 0 13.07.2004 10:28
245 770 108 28 121 86 0 13.07.2004 10:28
250 784 109 28 131 86 0 13.07.2004 10:28
255 754 116 29 121 86 0 13.07.2004 10:28
260 564 83 26 T4 86 0 13.07.2004 10:28
265 413 57 26 31 105 0 13,07,2004 10:28
270 257 i) 25 10 105 0 13.07.2004 10:28
275 207 16 24 7 105 0 13.07.2004 10:29
280 190 13 24 4 82 0 13.07.2004 10:29
285 196 12 24 15 116 0 13.07.2004 10:29
290 172 8 25 5 82 0 13.07.2004 10:29
295 205 14 24 5 86 0 13.07.2004 10:29
300 221 13 22 [} 86 0 13.07.2004 10:29
305 403 48 24 32 82 0 13.07.2004 10:29
310 631 80 26 81 86 0 13.07.2004 10:29
315 758 82 28 133 86 0 13.07.2004 10:29
320 784 85 28 139 86 0 13.07.2004 10:29
325 880 87 28 153 86 0 13.07.2004 10:29
330 1276 41 32 265 86 013,07.2004 10:29
335 1326 30 34 294 86 0 13.07.2004 10:29
340 1417 20 35 326 86 0 13.07.2004 10:29
345 1468 15 36 366 86 0 13.07.2004 10:29
350 1632 5 37 381 86 0 13.07.2004 10:29
355 1521 5 37 386 86 0 13.07.2004 10:29
360 1622 8 37 402 86 0 13.07.2004 10:29
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCog:
Object - sm , Profile - c4 ,13.07.2006 16:47:44
[Picket JParametA [Parametr8_[ParametrC_[ParametrD [ParametrE JAzimuth [Time |
o] 1334 33 303 88 0 02,12.1999 02:27
5 1388 20 34 326 86 0 07.12.1999 18:25
10 1461
15 1462
20 1451
25 1453
30 1399
35 1431
40 1404
45 1300
50 1201
55 1165
&0 1125
65 1038
70 947
75 841
80 717
85 615
80 405
95 332
100 350
106 214
110 180
115 103
120 180
125 148
130 184
135 245
140 284
145 567
150 726
1585 996
160 1089
165 1192
170 1217
176 1320
180 1430
185 1396
190 1408
195 1426 T3 37 358 86 U I 072009 T35
200 1452 7 39 380 86 0 13.07.2004 10:38
205 1467 11 36 383 36 0 13.07.2004 10:36
210 1398 25 37 366 86 0 13.07.2004 10:36
215 1349 27 34 337 86 0 13.07.2004 10:36
220 1289 42 34 N 86 0 13.07.2004 10:36
225 1232 51 34 291 86 0 13.07.2004 10:36
230 1135 59 33 247 86 0 13.07.2004 10:36
235 1050 73 31 223 86 0 13.07.2004 10:36
240 875 97 30 158 86 0 13.07.2004 10:36
245 814 104 29 143 86 0 13.07.2004 10:36
250 726 112 28 109 86 0 13.07.2004 10:36
255 586 83 27 85 105 0 13.07.2004 10:37
260 442 59 26 36 86 0 13.07.2004 10:37
265 348 46 25 23 108 0 13.07.2004 10:37
270 311 37 26 26 105 0 13.07.2004 10:37
275 234 20 24 7 105 0 13.07.2004 10:37
280 185 1 22 3 105 0 13,07.2004 10:37
285 174 12 22 4 105 0 13.07.2004 10:37
290 145 9 21 3 105 0 13.07.2004 10:37
295 190 1 24 10 82 0 13.07.2004 10:37
300 196 18 22 6 82 0 13.07.2004 10:37
305 195 12 21 4 82 0 13.07.2004 10:37
310 263 20 28 18 86 0 13.07.2004 10:37
315 423 48 23 27 82 0 13.07.2004 10:37
320 621 96 26 78 8z 0 13.07.2004 10:37
325 892 82 27 147 86 0 13.07.2004 10:37
330 1106 69 30 215 86 0 13.07.2004 10:37
335 1124 59 3 225 86 0 13.07.2004 10:37
340 1219 51 3 245 86 0 13.07.2004 10:37
345 1242 24 3 266 86 0 13.07.2004 10:37
350 1256 34 32 272 86 0 13.07.2004 10:37
355 1349 18 33 304 86 0 13.07.2004 10:37
360 1427 21 35 334 86 0 13.07.2004 10:37
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCog:
Object - c4 , Profile:- 2 ,14.07.2006 15:45:34
Picket [ParametrA_|ParametrB_|ParametrC_|ParametrD _[ParametrE_JAzimuth [Time
1458 16 36 365 86 0 14.07.2004 11:23
5 1460 13 37 380 86 0 14.07.2004 11:23
10 1498 1 38 406 86 0 14.07.2004 11:23
15 1477
20 1515 r
25 1487
30 1438
35 1443
40 1446
45 1373
50 1402
55 1355
€0 1202
65 953
70 1038
75 865
80 858
85 774
90 544
95 457
100 339
105 252
110 244
115 205
120 268
125 244
130 318
135 330
140 734
145 869
150 Ti2
155 945
160 1118
165 1409
170 1432
175 1463
180 1480
185 1502
180 1482
195 1506
200 1513 - 35 FTT = TR U 2008 TR
205 1470 21 38 431 86 0 14.07.2004 11:24
210 1347 32 36 349 86 0 14.07.2004 11:25
215 1408 20 36 369 86 0 14,07.2004 11:25
220 1361 27 36 356 86 0 14.07.2004 11:25
225 1365 29 36 349 86 0 14.07.2004 11:25
230 12860 53 34 286 86 0 14.07.2004 11:25
235 1246 51 34 303 86 0 14.07.2004 11:25
240 1168 60 33 2n 86 0 14.07.2004 11,25
245 1114 75 32 244 86 0 14.07.2004 11:25
250 734 111 27 110 112 0 14.07.2004 11:25
255 561 86 27 87 90 0 14.07.2004 11:25
260 352 40 26 24 105 0 14.07.2004 11:25
285 200 19 26 9 108 0 14.07.2004 11:25
270 200 17 32 16 108 0 14.07.2004 11:25
275 198 20 29 8 a7 0 14.07.2004 11:25
280 194 13 26 g 82 0 14.07.2004 11:25
285 188 12 24 ] 101 0 14.07.2004 11:25
290 276 25 28 19 82 0 14.07.2004 11:25
295 332 32 25 25 82 0 14.07.2004 11:25
300 599 85 25 74 86 0 14.07.2004 11:25
305 553 76 25 56 86 0 14.07.2004 11:25
310 648 96 26 80 86 0 14.07.2004 11:25
315 794 a7 26 125 86 0 14.07.2004 11:25
320 665 89 26 94 86 0 14.07.2004 11:25
325 1078 59 30 232 86 0 14.07.2004 11:25
330 1103 85 31 233 86 0 14.07.2004 11:25
335 1009 85 30 188 86 0 14.07.2004 11:28
340 1340 33 33 296 86 0 14.07.2004 11:28
345 1339 20 34 318 86 0 14.07.2004 11:28
350 1393 3T 35 330 86 0 14.07.2004 11:26
355 1382 20 34 336 86 0 14.07.2004 11:26
360 1455 16 36 365 88 0 14.07.2004 11:26
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMRo4:
Object - sm , Profile - r4 ,13.07.2006 16:48:08
[Picket [ParametrA_|ParametrB_]ParametrC_|ParametrD_[Paramette_JAzimuth JTime ]
1482 11 36 369 86 0 13.07.2004 10:44
5 1508 T 37 390 86 0 13.07.2004 10:44
10 1511 8 38 422 86 0 13.07.2004 10:44
15 1527
20 1472
25 1484
30 1474
35 1500
40 1461
45 1377
50 1255
55 1163
80 1119
65 1085
70 971
75 661
80 589
85 673
20 535
95 512
100 350
105 295
110 144
115 131
120 152
125 197
130 227
135 389
140 344
145 683
150 929
155 1168
160 1327
165 1381
170 1488
175 1464
180 1488
185 1493
190 1529
185 1487
200 1513 5 38 L¥it] it U 13707.2004 1046
205 1459 10 38 406 86 0 13.07.2004 10:46
210 1414 16 37 380 86 0 13.07.2004 10:46
215 1343 32 36 356 88 0 13.07.2004 10:46
220 1354 24 36 339 86 0 13.07.2004 10:46
225 12786 38 34 316 86 0 13.07.2004 10:486
230 1172 61 33 267 86 0 13.07.2004 10:46
235 10386 86 32 221 86 0 13.07.2004 10:46
240 765 111 29 118 86 0 13.07.2004 10:46
245 530 o0 26 58 86 0 13.07.2004 10:46
250 374 52 25 24 101 0 13.07.2004 10:46
285 337 42 24 20 108 0 13.07.2004 10:46
260 330 40 25 20 105 0 13.07.2004 10:46
265 276 25 26 14 108 0 13.07.2004 10:46
270 134 5 23 1 93 0 13.07.2004 10:46
275 134 1 23 3 105 0 13.07.2004 10:46
280 109 2 20 0 112 0 13.07.2004 10:46
285 133 2 23 o 86 0 13.07.2004 10:46
290 191 10 27 7 82 0 13.07.2004 10:46
295 228 18 22 6 82 0 13.07.2004 10:46
300 295 24 26 17 82 0 13.07.2004 10:46
305 310 29 22 14 82 0 13.07.2004 10:46
310 428 45 24 28 82 0 13.07.2004 10:46
315 672 102 27 85 82 0 13.07.2004 10:48
320 1025 83 30 184 86 0 13.07.2004 10:46
326 1158 52 H 239 86 0 13.07.2004 10:48
330 1306 32 33 283 86 0 13.07.2004 10:46
335 1352 23 34 302 86 0 13.07.2004 10:46
340 1364 22 34 306 86 0 13.07.2004 10:46
345 1458 14 36 353 886 0 13.07.2004 10:46
350 1441 22 37 355 86 0 13.07.2004 10:46
355 1563 T 38 424 88 0 13.07.2004 10:47
360 1507 ik 39 416 86 0 13.07.2004 10:47
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLos:
Object - sm , Profile - 15 ,13.07.2006 16:48:40
[Picket [ParametrA_|Parametrs_|ParametrC_|ParametrD |Paramelre_[Azimuth_[Time |
0 1287 36 32 277 86 002.12.1999 02:26
5 1286 33 33 280 86 0 07.12.1999 18:26
10 1366
15 1363
20 1384
25 1421
30 1452
35 1449
40 1423
45 1404
50 1335
55 1295
80 1249
65 1184
70 1200
% 1194
80 1003
85 890
90 707
95 767
100 622
105 560
110 425
115 315
120 218
125 207
130 179
135 236
140 217
145 380
150 298
185 377
160 756
165 954
170 1041
175 1138
180 1296
185 1423
190 1426
195 1425 21 35 352 86 0 13.07.2004 11:19
200 1444 8 36 369 86 0 13.07.2004 11:19
205 1440 13 36 368 86 0 13.07.2004 11:19
210 1435 13 37 376 86 0 13.07.2004 11:19
215 1428 17 37 380 &6 0 13.07.2004 11:18
220 1408 28 37 365 86 0 13.07.2004 11:19
225 1369 20 36 358 86 0 13.07.2004 11:19
230 1274 39 34 313 86 0 13.07.2004 11:19
235 1205 53 33 293 86 0 13.07.2004 11:19
240 1100 70 32 241 86 0 13.07.2004 11:19
245 816 115 30 136 90 0 13.07.2004 11:19
250 848 103 28 149 86 0 13.07.2004 11:19
255 722 107 28 118 86 0 13.07.2004 11:18
260 662 107 27 o7 86 0 13.07.2004 11:19
2865 431 63 26 37 86 0 13.07.2004 11:19
270 262 26 24 10 105 0 13.07.2004 11:19
275 202 12 25 4 101 0 13.07.2004 11:19
280 167 ] 25 3 97 0 13.07.2004 11:19
285 168 5 21 2 108 0 13.07.2004 11:19
290 200 16 24 5 101 0 13.07.2004 11:18
295 143 6 22 2 108 0 13.07.2004 11:18
300 138 9 27 3 101 0 13.07.2004 11:19
308 182 11 27 8 a2 0 13.07.2004 11:19
310 186 12 22 7 82 0 13.07.2004 11:19
315 336 30 28 35 82 0 13.07.2004 11:18
320 561 78 27 83 86 0 13.07.2004 11:19
325 877 102 28 145 86 0 13.07.2004 11:20
330 1047 85 29 197 86 0 13.07.2004 11:20
335 1072 69 30 207 86 0 13.07.2004 11:20
340 906 92 28 153 86 0 13.07.2004 11:20
345 945 83 29 162 86 0 13.07.2004 11:20
350 1115 51 30 225 &6 0 13.07.2004 11:20
355 1218 43 32 258 86 0 13.07.2004 11:20
360 1391 22 35 319 86 0 13.07.2004 11:20

186



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

,13.07.2006 16:51:15

[Time |

SMCos:
Obiject - ¢5 , Profile - 1
[Picket |ParametrA_|Parametr8_[ParametrC_|ParametrD_[ParametrE_JAzimutt
[ 1526 5 39 440 86
5 1512 9 40 435 86
10 1542 4 40 457 86
15 1544 5 38 438 86
20 1518 9 3g 464 86
25 1525
30 1552
35 1528
40 1464
45 1396
50 1348
55 1249
60 1192
65 963
70 799
75 830
80 806
85 699
90 609
95 319
100 341
105 187
110 188
115 230
120 211
125 203
130 218
135 477
140 815
145 1065
150 1234
1585 1308
160 1360
165 1397
170 1500
175 1487
180 1512
185 1554
190 1556
195 1543
200 1551
205 1486 —=r
210 1486 12 37 414 86
215 1433 15 37 403 86
220 1417 21 38 399 86
225 1297 46 35 340 86
230 1054 84 33 228 86
235 943 102 30 179 86
240 555 82 27 61 82
245 532 80 27 60 86
250 519 82 27 68 86
255 450 60 27 78 75
260 352 46 24 22 82
265 359 26 33 93 105
270 241 19 25 20 116
275 232 23 28 19 105
280 182 13 27 13 75
285 188 13 31 13 82
290 241 19 27 18 82
295 259 24 25 14 82
300 510 67 27 64 86
305 603 w 28 79 86
310 759 97 29 114 86
315 766 82 27 113 86
320 938 80 29 167 88
325 1040 80 30 205 86
330 1263 41 33 309 &6
335 1320 37 34 299 86
340 1337 42 35 321 88
345 1409 17 34 351 86
350 1485 16 39 431 86
355 1532 12 39 420 86
360 1538 -] 40 449 86

0 13.07.2004 12:53
0 13.07.2004 12:53
0 13.07.2004 12:53
0 13.07.2004 12:53
0 13.07.2004 12:53

0 13.07.2004 12:55
0 13.07.2004 1255
0 13.07.2004 1255
0 13.07.2004 12:55
0 13.07.2004 12,55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:56
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:556
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:55
0 13.07.2004 12:58
0 13.07.2004 12:58
0 13.07.2004 12:56
0 13.07.2004 12:56
0 13.07.2004 12:56
0 13.07.2004 12:56
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCos: with the same frequency range as in the new apparatus for vertical measurements:

Object - c5_tief_, Profile - 1 ,13.07.2006 16:51:29
[Picket JParametrA_|Paramets_|ParametrC_|ParametrD_[ParametE JAzimuth _[Time ]
0 1662 1 82 1722 86 0 13.07.2004 12:58
5 1667 1 83 1724 86 0 13.07.2004 12:58
10 1692 1 82 1725 86 0 13.07.2004 12:58
15 1691 1 82 1718 86 0 13.07.2004 12:58
20 1676
25 1665
30 1647
35 1686
40 1854
45 1642
50 1596
55 1577
60 1567
65 1523
70 1471
75 1387
80 1318
85 1320
80 1219
95 1218
100 1211
105 1137
110 1110
115 1126
120 1162
125 1309
130 1349
135 1408
140 1497
145 1562
150 1617
155 1598
160 1621
165 1618
170 1668
175 1656
180 1641
185 1673
190 1653
195 1679
200 1657 e o e
205 1664 1 81 1661 86 0 13.07.2004 12:59
210 1657 1 80 1652 86 0 13.07.2004 12:59
215 1620 1 75 1491 86 0 13.07.2004 12:59
220 1607 1 74 1449 86 0 13.07.2004 12:59
225 1862 2 72 1414 86 0 13.07.2004 12:59
230 1574 2 71 1367 86 0 13.07.2004 12:59
235 1612 2 61 1072 86 0 13.07.2004 12:59
240 1391 8 56 888 86 013.07.2004 12.59
245 1405 10 54 842 86 0 13.07.2004 12:59
250 1233 18 45 620 45 0 13.07.2004 12:58
255 1214 hid 46 630 45 0 13.07.2004 13:00
260 1138 22 43 611 45 0 13.07.2004 13:00
265 1133 18 50 711 45 0 13.07.2004 13:00
270 1100 24 42 546 45 0 13.07.2004 13:00
275 1115 21 45 680 45 0 13.07.2004 13:00
280 1116 27 44 606 45 0 13.07.2004 13:00
285 1140 21 42 552 45 0 13.07.2004 13:00
290 1303 5 50 785 86 0 13.07.2004 13:00
295 1357 4 56 886 86 0 13.07.2004 13:00
300 1380 1 55 903 86 0 13.07.2004 13:00
306 1419 1 57 935 86 0 13.07.2004 13:00
310 1495 2 81 1088 86 0 13.07.2004 13:00
315 1533 1 67 1225 86 Q 13.07.2004 13:00
320 1591 1 71 1345 86 0 13.07.2004 13:00
325 1608 1 73 1414 86 0 13.07.2004 13:00
330 1636 1 74 1426 88 0 13.07.2004 13:00
335 1630 1 76 1504 86 0 13.07.2004 13:00
340 1630 1 79 1610 86 0 13.07.2004 13:00
345 1663 1 81 1665 86 0 13.07.2004 13:00
350 1658 1 80 1644 86 0 13.07.2004 13:.00
355 1633 1 -74 1716 86 0 13.07.2004 13:00
360 1666 1 82 1723 86 0 13.07.2004 13:00
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCos:
Object - c6 , Profile - 2 ,14.07.2006 15:44:12
[Picket [ParametrA_[ParametrB_[ParametrC_[ParamelrD [ParamerE JAzimuth JTime |
0 1363 23 33 313 86 0 14.07.2004 11:05
5 1524 5 39 405 86 0 14.07.2004 11:05
10 1483 8 37 405 86 0 14.07.2004 11:056
15 1534 3 38 418 86 0 14.07.2004 11:05
20 1546
25 1483
30 1468
35 1436
40 1422
45 1396
50 1250
55 1206
80 1056
65 1109
70 1016
75 1022
80 748
85 873
90 468
95 510
100 524
105 180
110 200
115 189
120 205
125 258
130 306
135 302
140 621
145 928
150 11583
155 1236
160 1337
165 1373
170 1351
178 1434
180 1486
185 1534
190 1524
195 1550
200 1528 = —z T T OT RO T T T
205 1492 10 38 413 86 0 14.07.2004 11:07
210 1472 1 38 409 86 0 14.07.2004 11:07
215 1486 15 38 414 86 0 14.07.2004 11:07
220 1420 17 36 380 86 0 14.07.2004 11:07
225 1345 3 34 322 86 0 14.07.2004 11:07
230 1253 40 34 307 86 0 14.07.2004 11:07
235 1082 78 32 231 86 0 14.07.2004 11:07
240 1087 86 32 oyl 86 0 14.07.2004 11:07
245 944 93 30 185 86 0 14.07.2004 11:.07
250 626 99 28 84 82 0 14.07.2004 11:07
255 576 96 26 68 86 0 14.07.2004 11.07
260 306 ar 25 19 101 0 14.07.2004 11:07
265 21 18 25 11 97 0 14.07.2004 11:07
270 226 13 31 15 105 0 14.07.2004 11:07
275 183 13 21 4 105 0 14.07.2004 11:07
280 260 19 3 38 105 0 14.07.2004 11:07
285 187 16 21 6 105 0 14.07.2004 11:07
290 248 16 27 21 82 0 14.07.2004 11:07
285 304 34 23 14 78 0 14.07.2004 11:07
300 284 24 23 17 86 0 14.07.2004 11:07
305 363 42 27 33 82 0 14.07.2004 11:07
310 386 43 24 33 82 0 14.07.2004 11:07
315 399 56 24 36 82 0 14.07.2004 11:08
320 895 91 27 146 86 0 14.07.2004 11:08
325 1081 64 30 223 86 0 14.07.2004 11:08
330 1205 44 31 248 86 0 14.07.2004 11:08
335 1342 28 33 290 86 0 14.07.2004 11:08
340 1394 20 34 309 86 0 14.07.2004 11:08
345 1464 13 35 353 &6 0 14.07.2004 11:08
350 1492 10 39 381 86 0 14.07,2004 11:08
355 1508 ] 36 378 86 0 14.07.2004 11:08
3860 1510 5 38 398 86 0 14.07.2004 11:08
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMRos:
Object - sm , Profile - r5 ,13.07.2006 16:48:22
[Ficket [ParametrA_|Parametr8_|ParametrC_|ParametrD_[Parametrt_[Azimuth [rime
0 1543 6 38 406 86 0 13.07.2004 10:57
5 1527 9 38 418 86 0 13.07.2004 10:57
10 1568
15 1580
20 1585
25 1685
30 1552
35 1542
40 1521
45 1473
50 1438
55 1355
60 1248
65 1095
70 1058
75 963
80 889
85 849
20 546
95 590
100 409
105 323
110 523
115 560
120 571
126 671
130 945
135 774
140 1194
145 1442
150 1282
155 1266
160 1283
165 1521
170 1578
175 1579
180 1553
185 1534
190 1381
195 1477 13 37 416 86 U 13.07.2004 1059
200 1362 27 36 363 86 0 13.07.2004 10:59
205 1286 42 35 310 86 0 13.07.2004 10:59
210 1157 68 32 254 86 0 13.07.2004 10:59
215 1120 7 32 255 86 0 13.07.2004 10:59
220 888 96 29 166 86 0 13.07.2004 10:59
225 711 106 27 110 86 0 13.07.2004 10:59
230 614 102 26 75 90 0 13.07.2004 10:59
235 491 75 26 ] 82 0 13.07.2004 10:59
240 248 20 26 10 101 0 13.07.2004 10:59
245 270 27 27 25 105 0 13.07.2004 10:59
250 267 23 22 9 78 0 13.07.2004 10:59
255 305 38 26 29 86 0 13.07.2004 10:59
260 317 38 23 20 82 0 13.07.2004 10:59
265 599 80 26 78 86 0 13.07.2004 10:59
270 868 90 28 148 86 0 13.07.2004 10:59
275 658 81 26 87 86 0 13.07.2004 10:59
280 801 81 27 130 86 0 13.07.2004 10:59
285 1090 81 30 209 86 0 13.07.2004 10:59
290 1184 44 30 244 86 0 13.07.2004 10:59
295 1412 24 35 342 86 0 13.07.2004 10:59
300 1480 14 37 387 86 0 13.07.2004 10:59
305 1533 12 39 418 86 0 13.07.2004 10:59
310 1543 8 39 433 86 0 13.07.2004 10:59
315 1565 8 39 443 86 0 13.07.2004 10:59
320 1597 2 40 471 86 0 13.07.2004 10:59
325 1590 T 40 459 86 0 13.07.2004 10:59
330 1601 8 40 471 86 0 13.07.2004 10:59
336 1616 3 41 482 86 0 13.07.2004 10:59
340 1583 4 41 493 86 0 13.07.2004 11:00
345 1623 6 41 489 86 0 13.07.2004 11:00
350 1588 7 41 488 86 0 13.07.2004 11:00
3855 1610 1 41 494 86 0 13.07.2004 11:00
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLoT:
Object - sm , Profile - 17 ,13.07.2006 16:48:54
Picket JParametrA_|ParametrB_|ParametrC_|ParametrD_|Paramete_JAzimuth _[Time I
0 1560 5 39 441 86 0 13.07.2004 11:24
5 1513 10 38 402 86 0 13.07.2004 11:24
10 1507
15 1573
20 1581
25 1549
30 1538
35 1530
40 1486
45 1446
50 1388
55 1279
60 1154
65 1188
70 1140
75 808
80 192
85 641
920 697
95 500
100 557
105 252
110 77
115 212
120 179
125 135
130 293
135 465
140 634
145 797
150 898
155 978
160 1319
165 1383
170 1462
175 1480
180 1587
185 1584
190 1570
185 1570 5 40 453 86 0 13.07.2004 11:25
200 1548 6 39 486 86 0 13.07.2004 11:25
205 15688 8 40 457 86 0 13.07.2004 11:25
210 1537 12 40 450 86 0 13.07.2004 11:25
215 1481 14 39 438 86 0 13.07.2004 11:25
220 1473 " 38 420 86 0 13.07.2004 11:25
225 1402 24 37 3M &6 0 13.07,2004 11:25
230 1410 13 36 378 86 0 13.07.2004 11:25
235 1202 51 33 277 86 0 13.07.2004 11:26
240 871 94 30 187 86 0 13.07.2004 11:26
245 946 105 31 182 86 0 13.07.2004 11:26
250 859 119 30 157 86 0 13.07.2004 11:26
255 856 104 30 149 86 0 13.07.2004 11:26
260 693 104 29 128 86 0 13.07.2004 11:26
265 426 60 24 32 86 0 13.07.2004 11:26
270 376 49 25 26 86 0 13.07.2004 11:26
275 341 44 24 23 86 0 13.07.2004 11:26
280 323 42 24 20 105 0 13.07.2004 11:26
285 160 5 24 5 97 0 13.07.2004 11:26
290 208 13 29 11 78 0 13.07.2004 11:26
295 156 6 19 2 82 0 13.07.2004 11:26
300 157 6 22 2 82 0 13.07.2004 11.26
305 168 15 27 13 78 0 13.07.2004 11:26
310 166 10 24 5 78 0 13.07.2004 11:26
315 402 43 24 30 82 0 13.07.2004 11:26
320 961 78 28 177 86 0 13.07.2004 11:26
325 1134 57 31 245 86 0 13.07.2004 11:26
330 1156 53 31 232 86 0 13.07.2004 11:26
335 1204 48 31 249 86 0 13.07.2004 11:26
340 1208 47 3 245 86 0 13.07.2004 11:26
345 1387 18 34 317 86 0 13.07.2004 11:26
350 1392 19 34 323 86 0 13.07.2004 11:26
355 1483 13 37 3M 86 0 13.07.2004 11:26
360 1531 9 a7 396 86 0 13.07.2004 11:26
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLo7:
Object - 17 , Profile - 2 ,14.07.2006 15:19:17
[Picke! [ParametrA_|ParametrB_|ParametrC_|ParametrD [ParametrE_[Azimuth _JTime |
0 897 86 28 154 86 0 14.07.2004 08:02
5 925 101 29 162 86 0 14.07.2004 08:02
10 982
15 1034
20 1022
25 1058
30 1014
35 1049
40 978
45 983
50 946
55 802
60 751
65 669
70 595
75 558
80 529
85 454
90 376
95 278
100 159
105 115
110 103
115 111
120 79
125 66
130 80
135 95
140 127
145 158
150 345
155 299
180 525
165 646
170 812
175 884
180 958
185 1003
190 1019
195 1004 90 3 193 86 0 14.07.2004 08:04
200 1000 90 31 162 86 0 14.07.2004 08:04
206 1023 83 30 196 86 0 14.07.2004 08:04
210 1007 86 30 189 86 0 14.07.2004 08:04
216 945 107 30 167 86 0 14.07.2004 08:04
220 899 101 28 152 86 0 14.07.2004 08:04
225 852 108 28 137 86 0 14.07.2004 08:04
230 860 108 29 138 86 0 14.07.2004 08:04
235 748 107 27 103 86 0 14.07.2004 08:04
240 550 86 25 56 86 0 14.07.2004 08:04
245 439 84 24 30 86 0 14.07.2004 08:04
250 448 88 24 35 86 0 14.07.2004 08:04
255 457 69 24 35 86 0 14.07.2004 08:04
260 ag2 43 24 22 90 0 14.07.2004 08:04
265 363 53 24 24 90 0 14.07.2004 08:04
270 195 16 24 5 106 0 14.07.2004 08:04
275 175 10 29 16 7 0 14.07.2004 08:04
280 174 15 20 5 105 0 14.07.2004 08:05
285 159 8 21 2 86 0 14.07.2004 08:05
290 175 13 19 4 75 0 14.07.2004 08:05
295 207 9 22 3 7 0 14.07.2004 08:05
300 220 1 21 4 75 0 14.07.2004 08:05
305 191 8 22 ] 78 0 14.07.2004 08:05
310 238 17 21 6 82 0 14.07.2004 08:05
315 497 88 24 35 86 0 14.07.2004 08:05
320 541 75 24 50 86 0 14.07.2004 08:05
325 569 88 25 57 88 0 14.07.2004 08:05
330 550 82 25 56 86 0 14.07.2004 08:05
335 612 80 25 70 86 0 14.07.2004 08:05
340 627 85 26 73 86 0 14.07.2004 08:05
345 629 95 25 71 86 0 14.07.2004 08:05
350 878 102 29 144 86 0 14.07.2004 08:05
355 931 100 29 163 86 0 14.07.2004 08:05
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCo7_2:
Object -c7_2 , Profile - 1 ,13.07.2006 16:51:04
[Picket [ParametrA_|Parametr8_[ParametrC_|ParametrD [ParametrE_JAzimuth _[Time ]
0 2890 1 83 1753 150 0 13.07.2004 12:47
5 2854 1 79 1643 150 0 13.07.2004 12:47
10 2804 1 w 1569 150 0 13.07.2004 12:47
15 2580 1 73 1452 150 0 13.07.2004 12:47
20 2602 1 73 1435 75 0 13.07.2004 12:47
25 2514
30 2328
35 2325
40 2165
45 2149
50 2001
55 1964
60 1719
€5 1783
70 1479
75 1300
80 1443
85 1232
90 1328
95 780
100 518
105 579
110 653
115 480
120 348
125 419
130 495
138 767
140 867
145 996
150 1053
155 1385
160 1407
165 1953
170 2152
175 2517
180 2681
185 2716
190 2697
195 2801
200 2791
205 2673
210 2688 1 75 1502 150 0 13.07.2004 12:48
215 2628 1 72 1415 150 0 13.07.2004 12:48
220 2444 1 63 1164 150 0 13.07.2004 12:48
225 2268 1 55 918 150 0 13.07.2004 12:49
230 2122 1 51 810 150 0 13.07.2004 12:49
235 2079 4 50 757 150 0 13,07.2004 12:49
240 2223 1 52 842 150 0 13.07.2004 12:49
245 2381 1 58 1030 150 0 13.07.2004 12:49
250 2561 1 58 999 225 0 13.07.2004 12:49
255 2749 1 65 1207 150 0 13.07.2004 12:49
260 2818 1 69 1343 150 0 13,07.2004 12:49
265 2796 1 79 1596 150 0 13.07.2004 12:49
270 2748 1 a3 1746 150 0 13.07.2004 12:49
275 2776 1 79 1657 150 0 13.07.2004 12:49
280 2830 1 83 1767 150 0 13.07.2004 12:49
285 2865 1 84 1794 150 0 13.07.2004 12:49
260 2604 1 91 1993 150 0 13.07.2004 12:49
295 2775 1 84 1812 150 0 13.07.2004 12:49
300 27117 1 84 1811 150 0 13.07.2004 12:49
305 2750 i 84 1823 150 Q0 13.07.2004 12:49
310 3234 1 85 1816 225 0 13.07.2004 12:49
315 3041 1 920 1988 225 0 13.07.2004 12:49
320 2779 al 84 1803 75 0 13.07.2004 12:49
325 2767 1 84 1795 75 0 13.07.2004 12:49
330 2650 1 92 2050 150 0 13.07.2004 12:49
335 2960 1 85 1826 150 0 13.07.2004 12:49
340 2874 1 84 1787 150 0 13.07.2004 12:49
345 2767 1 82 1739 150 0 13.07.2004 12:49
350 2790 1 82 1719 150 0 13.07.2004 12:49
355 2873 1 83 1787 150 0 13.07.2004 12:49
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCo7_2:
Object - c7 , Profile - 1 ,14.07.2006 15:41:51
[Ficket [ParametrA_|Parametr8_[ParametrC_|ParametrD [ParameirE_[Azimuth [Time
] 1813 3 44 599 86 0 14.07.2004 10:55
5 1835 4 43 625 86 0 14.07.2004 10:55
10 1852
15 1842 ,7
20 1838
25 1941
30 1838
35 1876
40 1746
45 1633
50 1509
55 1394
80 1281
65 1121
70 1171
75 1143
80 997
85 880
90 876
95 602
100 581
105 516
110 467
115 382
120 345
125 341
130 720
135 891
140 879
145 1135
150 1164
155 1225
160 1046
165 1704
170 1707
175 1837
180 1912
185 1887
190 2028
195 2170 1 57 955 150 0 14.07.2004 10:57
200 2028 2 55 888 150 0 14.07.2004 10:57
205 1974 1 53 829 150 0 14.07.2004 10:57
210 1940 1 50 770 150 0 14.07.2004 10:57
215 1683 10 4 540 86 0 14.07.2004 10:57
220 1726 8 43 573 86 0 14.07.2004 10:57
225 1432 26 37 389 86 0 14.07.2004 10:57
230 1143 63 32 254 86 0 14.07.2004 10:57
235 979 88 31 220 86 0 14.07.2004 10:57
240 869 105 30 158 86 0 14.07.2004 10:57
245 808 117 30 144 86 0 14.07.2004 10:57
250 7 114 29 134 86 0 14.07.2004 10:57
255 719 103 28 117 86 0 14.07.2004 10:57
260 426 85 24 32 8z 0 14.07.2004 10:57
265 421 61 26 38 86 0 14.07.2004 10:57
270 252 26 26 15 105 0 14.07.2004 10:57
275 285 27 29 19 0 0 14.07.2004 10:57
280 267 27 24 18 8z 0 14.07.2004 10:57
285 316 37 23 16 a7 0 14.07.2004 10:57
280 322 35 23 15 82 0 14.07.2004 10:57
285 462 67 25 45 86 0 14.07.2004 10:57
300 401 35 25 38 86 0 14.07.2004 10:57
305 682 94 25 93 86 0 14.07.2004 10:57
310 902 90 28 187 86 0 14.07.2004 10:57
315 1095 72 30 220 86 0 14.07.2004 10:58
320 1147 53 30 244 86 0 14.07.2004 10:58
325 1328 40 33 327 86 0 14.07.2004 10:58
330 1538 27 36 401 86 0 14.07.2004 10:58
335 1643 10 38 445 86 0 14.07.2004 10:58
340 1687 12 41 517 86 0 14.07.2004 10:58
345 1881 8 46 651 86 0 14.07.2004 10:58
350 2039 2 48 687 86 0 14.07.2004 10:58
355 1859 4 46 634 86 0 14.07.2004 10:58
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCoT:
Object - c7_1 , Profile - 1 ,13.07.2006 16:51:42
Picke! [Parametrh_|ParametrB_|ParametC_|ParametrD_|ParametrE_JAzimuth _JTime ]
0 1511 5 a7 414 86 0 13.07.2004 13:06
5 1551 7 40 437 &6 0 13.07.2004 13:05
10 1518 7 39 445 86 0 13.07.2004 13:05
15 1524 4 38 413 86 0 13.07.2004 13:05
20 1521
25 1516
30 1498
35 1474
40 1412
45 1378
50 1336
55 1381
60 1263
65 1150
70 992
75 705
80 860
85 776
90 505
95 287
100 284
105 362
110 284
115 195
120 203
126 241
130 198
135 537
140 424
145 724
150 1217
155 1294
160 1070
185 1276
170 1478
175 1437
180 1468
185 1491
190 1507
195 1505
200 1471 5 5 wzz oo T T
205 1438 13 37 384 8 0 13.07.2004 13:07
210 1448 16 38 439 86 0 13.07.2004 13:07
215 1371 28 37 368 86 0 13.07.2004 13:07
220 1346 33 36 398 86 0 13.07.2004 13:07
225 1000 90 3 229 86 0 13.07.2004 13:07
230 917 105 30 176 86 0 13,07.2004 13:08
235 928 29 30 201 86 0 13.07.2004 13:08
240 1005 93 31 214 86 0 13.07.2004 13:08
245 942 92 30 203 86 0 13.07.2004 13:08
250 565 91 26 72 86 0 13.07.2004 13:08
255 381 54 25 34 86 0 13.07.2004 13:08
260 383 51 25 32 86 0 13.07.2004 13:08
265 390 50 25 31 108 0 13.07.2004 13:08
270 404 48 29 69 105 0 13.07.2004 13:08
275 380 53 25 32 150 0 13.07.2004 13.08
280 472 55 28 86 105 0 13.07.2004 13:08
285 537 67 29 104 86 0 13.07.2004 13:08
290 810 7% 28 152 86 0 13.07.2004 13:08
295 792 71 28 155 150 0 13.07.2004 13:08
300 171 53 30 281 150 0 13.07.2004 13:08
305 172 50 27 261 150 0 13.07.2004 13:08
310 1324 a7 31 322 150 0 13.07.2004 13:08
315 1300 40 30 301 150 0 13.07.2004 13:08
320 1568 17 33 415 150 0 13.07.2004 13:08
325 1654 8 39 497 86 0 13.07.2004 13:08
330 1689 7 39 525 150 0 13.07.2004 13:08
335 1691 2 40 510 150 0 13.07.2004 13:08
340 1609 5 40 479 86 0 13.07.2004 13:08
345 1644 4 41 514 86 0 13.07.2004 13:08
350 1567 5 38 456 86 0 13.07.2004 13:08
355 1614 3 41 495 86 0 13.07.2004 13:09
360 1547 6 38 437 86 0 13.07.2004 13:09
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMRO7:
Object - r7 , Profile - 1 ,13.07.2006 16:51:52
[Picket [ParametrA_|ParametiB_|ParametrC_]ParametrD_[Paramefre_JAzimutt [Time |
0 1426 21 36 351 86 0 13.07.2004 13:14
5 1485 10 37 368 86 0 13.07.2004 13:14
10 1476 13 36 373 86 0 13.07.2004 13:14
15 1477 13 38 398 88 0 13.07.2004 13:14
20 1506 T 37 396 86 0 13.07.2004 13:14
25 1524
30 1470
35 1455
40 1448
45 1384
50 1330
55 1316
60 1232
65 1135
70 1008
75 1000
80 1015
85 873
S0 743
95 578
100 511
105 334
110 322
115 283
120 301
125 319
130 354
136 404
140 555
145 801
150 1226
155 1149
160 1247
165 1380
170 1317
175 1419
180 1428
185 1474
190 1519
195 1526
200 1516
205 1484 ™ o oo ou T T O T
210 1480 18 40 431 86 0 13.07.2004 13:15
215 1499 13 39 474 86 0 13.07.2004 13:15
220 1353 33 35 369 86 0 13.07.2004 13:15
225 1290 36 35 328 86 0 13.07.2004 13:15
230 1262 47 34 317 86 0 13.07.2004 13:16
235 1163 57 33 278 86 0 13.07.2004 13:18
240 1081 76 33 237 86 0 13.07.2004 13:16
245 &7 94 29 161 86 0 13.07.2004 13:16
250 618 o7 27 83 105 0 13.07.2004 13:16
265 523 82 27 69 86 0 13.07.2004 13:16
260 448 69 25 41 108 0 13.07.2004 13:16
265 509 7 27 60 105 0 13.07.2004 13:16
270 410 57 25 34 101 0 13.07.2004 13:16
275 306 31 28 27 o7 0 13.07.2004 13:16
280 294 32 27 19 90 0 13.07.2004 13:16
285 197 14 22 5 86 0 13.07.2004 1316
290 236 20 22 9 86 0 13.07.2004 13:16
295 280 31 28 22 82 0 13.07.2004 13:16
300 409 53 28 62 86 0 13.07.2004 13:16
305 456 54 27 66 86 0 13.07.2004 13:16
310 585 62 28 95 82 0 13.07.2004 13:16
315 649 80 3 135 82 0 13.07.2004 13:16
320 928 80 30 182 86 0 13.07.2004 13:16
325 1135 40 32 258 86 0 13.07.2004 13:16
330 1204 46 33 288 86 0 13.07.2004 13:16
335 1232 40 33 274 86 0 13.07.2004 13:16
340 1263 45 33 292 86 0 13.07.2004 13:16
345 1326 46 35 356 86 0 13.07.2004 13:16
350 1355 45 35 331 &6 0 13.07.2004 13:16
355 1349 40 35 361 86 0 13.07.2004 13:16
360 1441 33 38 398 86 0 13.07.2004 13:18
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLo8:
Object - sm , Profile - 18 .13.07.2006 16:49:05
[Picket [Parametra_|Paramet8_|ParametrC_|ParametrD [ParemeirE_JAzimuth _Time i |
0 1766 3 49 741 90 0 13.07.2004 11:29
5 1753 9 46 667 86 0 13.07.2004 11:29
10 1661
15 1790
20 1772
25 1813
30 1796
35 1752
40 1766
45 1752
50 1737
55 1707
60 1738
65 1600
70 1451
75 1530
80 1423
85 1354
90 1536
95 1703
100 1979
108 2075
110 2035
115 2378
120 2542
125 2275
130 1818
135 2019
140 1767
145 1521
150 1129
155 1287
160 1213
165 1300
170 1301
175 1503
180 1887
185 2037
190 1871
195 1740 4 47 667 90 0 13.07.2004 11:31
200 1824 3 53 828 86 0 13.07.2004 11:31
205 1702 5 48 687 20 0 13.07.2004 11:31
210 1584 29 48 635 90 0 13.07.2004 11:31
215 1612 20 48 654 86 0 13.07.2004 11:31
220 1581 22 a7 628 50 0 13.07.2004 11:31
225 1817 24 49 639 90 0 13,07.2004 11:31
230 1547 14 41 517 90 0 13.07.2004 11:31
235 1634 12 42 579 86 0 13.07.2004 11:31
240 1619 19 40 496 86 0 13.07.2004 11:31
245 973 87 29 185 86 0 13.07.2004 11:31
250 880 107 29 163 86 0 13.07.2004 11:31
255 957 100 29 180 90 0 13.07.2004 11:31
260 730 95 26 107 80 0 13.07.2004 11:31
265 701 83 27 125 105 0 13.07.2004 11:31
270 643 99 26 80 86 013.07.2004 11:31
275 664 102 27 91 90 0 13.07.2004 11:31
280 856 99 28 148 90 0 13.07.2004 11:31
285 721 89 26 17 90 0 13.07.2004 11:31
280 698 94 26 109 153 0 13.07.2004 11:31
295 874 82 29 164 86 0 13.07.2004 11:31
300 904 81 28 175 150 0 13.07.2004 11:31
305 1082 60 30 261 150 0 13,07.2004 11:31
310 900 86 29 182 150 0 13.07.2004 11:31
315 110 58 31 255 86 0 13.07.2004 11:32
320 964 72 29 188 86 0 13.07.2004 11:32
325 1063 77 31 211 86 0 13.07.2004 11:32
330 1383 35 36 359 90 0 13.07.2004 11:32
335 1743 8 44 578 150 0 13.07.2004 11:32
340 1618 1 40 489 86 0 13.07.2004 11:32
345 1656 4 41 523 8 0 13.07.2004 11:32
350 1670 11 42 530 86 0 13.07.2004 11:32
355 1798 5 46 662 86 0 13.07.2004 11:32
360 1797 3 47 678 %0 0 13.07.2004 11:32
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLo8:
Object - 18 , Profile - 2 ,14.07.2006 15:22:38
[Picket [ParametrA_|ParametrB_JParametrC_|ParamelrD [ParametrE_[Azimuth [Time
0 1353 40 34 327 86 0 14.07.2004 08:33
5 1586 15 37 430 86 0 14.07.2004 08:34
10 1675 10 40 479 86 0 14.07.2004 08:34
15 1755
20 1733
25 1692
30 1817
35 1788
40 1926
45 2035
50 2071
55 2197
60 2310
65 2372
70 2414
75 2356
80 2355
85 2351
90 2292
95 2219
100 2245
105 2218
110 2170
115 2075
120 2112
125 1992
130 2007
135 1840
140 1318
145 1386
180 1024
155 1129
160 1097
165 1120
170 1158
175 1254
180 1361
185 1393
190 1367
195 1543 zu =0 T oo UTHUT ZU0UF UT. 0T
200 1608 18 40 476 86 0 14.07.2004 08:35
205 1843 4 43 591 86 0 14.07.2004 08:35
210 1713 1 39 470 86 0 14.07.2004 08:35
215 1669 22 39 444 86 0 14.07.2004 08:35
220 1635 17 a7 412 86 0 14.07.2004 08:35
225 1642 19 37 411 86 0 14.07.2004 08:35
230 1544 24 35 371 86 0 14.07.2004 08:35
235 1579 19 35 386 S0 0 14.07.2004 08:35
240 1593 28 36 393 90 0 14.07.2004 08:35
245 1276 42 31 284 150 0 14.07.2004 08:35
250 1205 B84 30 235 a3 0 14.07.2004 08:35
255 1101 69 30 206 20 0 14.07.2004 08:35
260 1506 32 33 316 90 0 14.07.2004 08:35
265 1018 73 29 181 <0 0 14.07.2004 08:35
270 1013 7 29 183 93 0 14.07.2004 08:35
275 824 89 a7 117 108 0 14.07.2004 08:35
280 633 92 26 77 90 0 14.07.2004 08:35
285 438 57 24 34 90 0 14.07.2004 08:36
260 821 98 28 133 150 0 14.07.2004 08:36
295 1121 66 3 235 150 0 14.07.2004 08:36
300 1181 57 30 247 150 0 14.07.2004 08:36
305 932 88 28 175 150 0 14.07.2004 08:36
310 694 89 27 107 86 0 14.07.2004 08:36
315 653 81 26 89 86 0 14.07.2004 08:36
320 672 85 27 98 86 0 14.07.2004 08:36
325 846 &4 29 1486 90 0 14.07.2004 08:36
330 1150 72 31 243 86 0 14.07.2004 08:36
335 1246 50 31 2n 90 0 14.07.2004 08:36
340 1311 43 33 310 86 0 14.07.2004 08:36
345 1681 21 39 43 86 0 14.07.2004 08:36
350 1520 33 38 427 90 0 14.07.2004 08:36
355 1512 25 38 432 86 0 14.07.2004 08:36
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

, Profile - 1

,13.07.2006 16:50:51

[Picket JParametrA_|ParametrB_[Paramet

[ParametrD _[Paramert

[Pzmuin_JTime

SMCo8:
Object - c8

3012

5 2638
10 2380
15 2810
20 2476
25 2070
30 1833
35 1900
40 1793
45 1770
50 1696
55 1611
60 1733
85 1609
70 1625
% 1501
80 1517
85 1591
90 1415
95 1185
100 910
105 607
110 480
115 473
120 456
125 385
130 481
135 570
140 752
145 111
150 1585
155 1672
160 1731
165 1991
170 1984
175 2453
180 2447
185 2492
180 2780
195 2659
200 2516
205 2567
210 2435
215 2376
220 2366
225 2002
230 1956
235 1876
240 2245
245 2230
250 2152
255 2319
260 2207
265 2399
270 2677
275 2926
280 3032
285 3048
290 3003
2¢5 3050
300 2993
305 2987
310 2649
315 2750
320 2605
325 2655
330 2701
336 2655
340 2633
345 2605
350 2555
385 2629
360 2413

1
1
1

31
67
83

1691
1280
1187

225
225
150

0 13.07.2004 12:40
0 13.07.2004 12:40
0 13.07.2004 12:40

B P P S P GO G QU S e S 1. S T G St T S S

91
89
67
69
T2
61
48
43
52
50
47
52
49

70
76
8z

7
&1
96
83

a0
80

77
72
&7

2030
1938
1260
1314
1407
1059

721

593

840

799

702

833

755

803
1202
1337
1542
1723
1557
1604
1717
1761
1784
2184
1796
1773
1689
1671
1668
1678
1595
1414
1268

150
150
150
150
150
150
150
150

150
150
150
150
150
150
150
150
150
150
150
150
150
150
150

75
150
150
150
150
150
150
150
150

0 13.07.2004 12:41
0 13.07.2004 12:41
0 13.07.2004 12:41
0 13.07.2004 12:41
0 13.07.2004 12:41
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 1242
0 13.07.2004 12,42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:42
0 13.07,2004 12:42
0 13.07.2004 12:42
0 13.07.2004 12:43
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCo8:
Object - c8 , Profile - 2 ,14.07.2006 15:40:12
[Ficket [ParametA_|ParametrB_[ParametrC_|ParametrD [Parametrt_[Azimuth_[Time
2006 2 55 920 150 0 14.07.2004 10:49
5 2113 2 55 889 150 0 14.07.2004 10:49
10 2121 1 56 933 150 0 14.07.2004 10:49
15 2371 2 61 1087 150 0 14.07.2004 10:49
20 1895
25 1603
30 1665
35 1619
40 1553
45 1532
50 1318
55 1216
80 1163
65 1087
70 1013
75 892
80 760
85 716
90 886
95 705
100 515
105 320
110 250
115 285
120 407
125 481
130 632
135 1092
140 1136
145 1478
150 1738
185 1882
160 1969
165 2137
170 2160
176 2198
180 2062
185 1920
180 1949
185 1947
200 2079
205 2265 1 60 1043 150 0 14.07.2004 10:51
210 2355 1 64 1182 150 0 14.07.2004 10:51
215 1899 3 50 782 75 0 14.07.2004 10:51
220 1564 12 38 447 86 0 14.07.2004 10:51
225 1471 28 39 411 86 0 14.07.2004 10:51
230 1211 52 32 266 86 0 14.07.2004 10:51
235 1066 73 30 201 86 0 14.07.2004 10:51
240 1071 87 31 214 86 0 14.07.2004 10:51
245 958 99 29 176 86 0 14.07.2004 10:51
250 785 109 27 119 88 0 14.07.2004 10:51
255 575 83 26 61 90 0 14.07.2004 10:51
260 528 88 26 53 886 0 14.07.2004 10:51
265 450 66 25 36 105 0 14.07.2004 10:51
270 500 78 25 45 108 0 14.07.2004 10:51
275 1049 51 25 185 150 0 14.07.2004 10:51
280 1603 7 35 507 150 0 14.07.2004 10:51
285 1826 1 45 655 150 0 14.07.2004 10:51
290 1902 2 51 798 150 0 14.07.2004 10:51
295 1970 1 53 857 160 0 14.07.2004 10:51
300 1913 1 57 980 150 0 14.07.2004 10:51
305 2088 1 61 1100 150 0 14.07.2004 10:51
310 2263 i 63 1151 150 0 14.07.2004 10:52
315 2085 1 83 1149 150 0 14.07.2004 10.52
320 2208 1 64 1180 150 0 14.07.2004 10:52
325 2295 1 84 1181 150 0 14.07.2004 10:52
330 2268 1 62 1125 150 0 14.07.2004 10:32
335 2302 q 66 1217 150 0 14.07.2004 10:52
340 2140 1 83 1151 150 0 14.07.2004 10:52
345 2205 2 62 1069 150 0 14.07.2004 10:52
350 2041 3 56 1005 150 0 14.07.2004 10:52
355 2347 1 61 1071 150 0 14.07.2004 10:52
360 2222 3 57 965 150 0 14.07.2004 10:52
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMRo8:
Object - r8 , Profile - 1 ,13.07.2006 16:52:05
[Picket [ParametrA_[ParametrB [ParametrC_[ParametrD [ParametrE_[Azimuth_[Time 7
0 1712 3 43 565 86 0 13.07.2004 13:25
5 1785 3 44 570 150 0 13.07.2004 13:25
10 1977 3 50 27 86 0 13.07.2004 13:25
15 2336 1 56 928 86 0 13.07.2004 13:25
20 2225 1 55 913 86 0 13.07.2004 13:25
25 2202
30 2317
35 2207
40 2377
45 2481
50 2365
55 2012
80 2052
65 2013
70 2248
75 1882
80 1866
85 2052
90 20860
95 1732
100 1730
108 1386
110 901
115 952
120 588
125 393
130 377
135 470
140 503
145 823
180 1045
155 1141
160 1144
165 1186
170 1352
175 1494
180 1468
185 1507
190 1542
195 1873
200 1564
205 1586 o >y HOT oU TS .UTZU0F TOZT
210 1697 6 40 467 86 0 13.07.2004 13:27
215 1616 4 40 469 86 0 13.07.2004 13:27
220 1574 8 40 461 a6 0 13.07.2004 13:27
225 1553 13 38 432 86 0 13.07.2004 13:27
230 1452 29 37 371 86 0 13.07.2004 13:27
235 1449 33 35 368 86 0 13.07.2004 13:27
240 1243 57 31 267 86 0 13.07.2004 13:27
245 1166 &7 31 240 86 0 13.07.2004 13:27
250 1152 82 30 236 86 0 13.07.2004 13:27
255 1029 82 29 188 86 0 13.07.2004 13:27
260 1010 80 30 265 150 0 13.07.2004 13:27
265 1027 80 29 197 150 0 13.07.2004 13:27
270 710 88 26 107 5 0 13.07.2004 13:27
275 792 88 27 135 150 0 13.07.2004 13:27
280 647 80 28 125 920 0 13.07.2004 13:27
285 563 84 25 67 150 0 13.07.2004 13:27
290 765 88 28 137 150 0 13.07.2004 13:27
295 605 85 26 78 150 0 13.07.2004 13:27
300 932 84 28 179 150 0 13.07.2004 13:27
305 934 83 30 190 150 0 13.07.2004 13:27
310 984 76 28 198 86 0 13.07.2004 13:27
315 1044 81 30 219 86 0 13.07.2004 13:27
320 1510 31 33 407 150 0 13.07.2004 13:27
325 1268 3 32 286 86 0 13.07.2004 13:27
330 1845 4 39 501 86 0 13.07.2004 13:27
335 1561 12 37 424 86 0 13.07.2004 13:27
340 1700 2 4 520 86 0 13.07.2004 13:27
345 1670 2 41 510 150 0 13.07.2004 13:27
350 1882 1 47 680 150 0 13.07.2004 13:27
355 1850 1 46 846 160 0 13.07.2004 13:27
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLog:
Object - sm , Profile - 19 ,13.07.2006 16:49:18
[Picket [ParametrA_|Parametr8 |ParametrC_|ParametrD_[ParamelE [Azimuth [Time ]
0 2645 1 101 2367 168 0 13.07.2004 11:36
5 2489 3 a7 2365 135 0 13.07.2004 11:36
10 2574 1 98 2282 161 0 13.07.2004 11:36
15 2538
20 2646
25 2700
30 2587
35 2639
40 2577
45 2597
50 2600
55 2618
60 2563
65 2334
70 2229
75 2239
80 2090
85 1919
90 1622
95 1340
100 1129
105 1344
110 1043
115 1270
120 1881
125 2504
130 2446
135 2550
140 2534
145 2590
150 2609
155 2640
160 2732
165 2633
170 2695
175 2724
180 2701
185 2683
180 2717
195 2701
200 2615 1 93 2101 112 0 13.07.2004 11:38
205 2453 1 96 2207 <0 0 13.07.2004 11:38
210 2579 1 85 1829 93 0 13.07.2004 11:38
215 2044 1 62 1092 S0 0 13.07.2004 11:38
220 1987 2 53 858 90 0 13.07.2004 11:39
225 1866 5 50 798 86 0 13.07.2004 11:38
230 1778 3 49 728 86 0 13.07.2004 11:39
235 2196 1 61 1070 75 0 13.07.2004 11:38
240 1835 1 52 822 90 0 13.07.2004 11:39
245 2578 1 75 1485 75 0 13.07.2004 11:38
250 2499 1 81 1683 75 0 13.07.2004 11:38
255 2558 1 84 1764 75 0 13.07.2004 11:38
260 2584 1 90 1957 75 0 13.07.2004 11:39
265 2646 1 87 1865 150 0 13.07.2004 11:39
270 2581 1 93 2104 150 0 13.07.2004 11:39
275 2465 1 92 2047 150 0 13.07.2004 11:39
280 2850 1 82 1745 150 0 13.07.2004 11:39
285 2936 1 80 1684 150 0 13.07.2004 11:39
290 2862 1 78 1644 150 0 13.07.2004 11:39
285 2839 1 78 1604 150 0 13.07.2004 11:38
300 2829 | 84 1807 150 0 13.07.2004 11:39
305 2590 1 84 1805 75 0 13.07.2004 11:39
310 2663 1 83 1768 150 0 13.07.2004 11:39
315 2562 1 86 1861 75 0 13.07.2004 11:39
320 2716 1 94 2114 150 0 13.07.2004 11:39
325 2765 1 28 2261 142 0 13.07.2004 11:40
330 2603 1 85 2154 130 0 13.07.2004 11:40
335 2555 1 100 2333 90 0 13.07.2004 11:40
340 2690 1 a7 2232 157 0 13.07.2004 11:40
345 2519 2 99 2281 90 0 13.07.2004 11:40
350 2612 1 97 2247 191 0 13.07.2004 11:40
355 2536 1 102 2401 150 0 13.07.2004 11:40
360 2658 4 99 2296 90 0 13.07.2004 11:40
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLog:
Object - 19 , Profile - 2 ,14.07.2006 15:25:19
[Picket [ParametrA_|Paramet®_|ParametrC_[ParametrD [ParamelE_JAzimuth [Time ]
1] 3422 1 88 1937 210 0 14.07.2004 08:42
5 3391 8 88 1958 210 0 14.07.2004 08:42
10 3473 4 a7 1884 210 0 14.07.2004 08:42
15 3451
20 3458
25 3381
30 3366
35 3435
40 3318
45 3330
50 3473
55 3360
80 3510
85 3548
10 3440
7% 3527
80 3517
85 3524
90 3488
a5 3449
100 3412
105 3283
110 2742
116 3446
120 1950
125 1377
130 2790
135 1947
140 1732
145 2052
150 2008
155 2202
160 2517
165 2499
170 2842
175 3282
180 3376
185 3427
190 3546
195 3534
200 3549 ] 89 1938 213 0 14.07.2004 08:44
205 3498 1 89 1944 213 0 14.07.2004 08:44
210 3475 1 89 1951 210 0 14.07.2004 08:44
215 3494 1 89 1948 213 0 14.07.2004 08:44
220 3457 1 89 1946 213 0 14.07.2004 08:44
225 3444 1 S0 1994 213 0 14.07.2004 08:45
230 3182 1 79 1619 225 0 14.07.2004 08:45
235 3307 1 89 1970 225 0 14.07.2004 08:45
240 3323 1 87 1900 225 0 14.07.2004 08:45
245 3110 1 87 1882 225 0 14.07.2004 08:45
250 2755 1 87 1888 225 0 14.07.2004 08:45
255 2550 1 87 1821 150 0 14.07.2004 08:45
260 2616 1 90 2014 150 0 14.07.2004 08:45
265 2714 1 90 1999 225 0 14.07.2004 08:45
270 2727 1 92 2088 225 0 14.07.2004 08:45
275 2731 1 92 2080 150 0 14.07.2004 08:45
280 2738 1 92 2086 150 0 14.07.2004 08:45
285 2752 1 92 2079 225 0 14.07.2004 08:45
290 2719 1 93 2118 225 0 14.07.2004 08:45
295 2724 1 91 2054 150 0 14.07.2004 08:45
300 2367 1 87 1928 150 0 14.07.2004 08:45
305 2391 1 88 1887 150 0 14.07.2004 08:45
310 2082 | 79 1663 150 0 14.07.2004 08:46
315 1917 1 78 1628 150 0 14.07.2004 08:46
320 2154 1 T 1597 225 0 14.07.2004 08:46
325 2588 1 4 1485 225 0 14.07.2004 08:46
330 2436 1 T 1571 225 0 14.07.2004 08:46
335 2531 1 i 1563 225 0 14.07.2004 08:46
340 2300 1 75 1517 150 0 14.07.2004 08:46
345 2728 1 74 1489 225 0 14.07.2004 08:46
350 3221 1 75 1524 225 0 14.07.2004 08:46
355 3421 1 84 1797 217 0 14.07.2004 08:46
360 3419 1 85 1818 210 0 14.07.2004 08:46
365 3427 3 86 1846 213 0 14.07.2004 08:46
370 3380 2 86 1875 213 0 14.07.2004 08:46
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCog:
Object - c9 , Profile - 1 ,13.07.2006 16:50:37
[Picket [ParametrA_|ParametrB_[ParametrC_|ParametrD_[ParametrE JAzimuth JTime =1
0 2840 1 83 1761 150 0 13.07.2004 12:34
5 2824 1 7 1566 150 0 13.07.2004 12:34
10 2519 1 69 1316 150 0 13.07.2004 12:34
15 2544 1 70 1348 86 0 13.07.2004 12:34
20 2412
25 2371
30 2444
35 2407
40 2348
45 2248
50 2004
55 1897
60 1848
65 1696
70 1604
5 1533
80 1489
85 1180
90 973
95 824
100 833
105 642
110 415
115 238
120 243
125 252
130 290
135 508
140 1385
145 1897
150 2541
155 2644
160 2774
185 277
170 2922
175 2840
180 2752
185 2766
190 2809
195 2690
200 2720
205 2790 1 82 1737 160 0 13.07.2004 12:36
210 2714 1 7 1568 150 0 13.,07.2004 12:36
215 2558 1 72 1429 150 0 13.07.2004 12:36
220 2694 1 76 1526 150 0 13.07.2004 12:36
225 2735 1 81 1711 150 0 13.07.2004 12:36
230 2453 1 68 1273 150 0 13.07.2004 12:36
235 2415 1 B4 1193 160 0 13.07.2004 12:36
240 2362 1 62 1134 180 0 13,07.2004 12:36
245 2467 1 61 1097 150 0 13.07.2004 12:36
250 2774 1 68 1287 150 0 13.07.2004 12:36
255 2558 2 59 1021 150 0 13.07.2004 12:36
260 2595 1 85 1168 150 0 13.07.2004 12:36
265 2721 1 65 1211 150 0 13.07.2004 12:36
270 2930 1 75 1503 150 0 13.07.2004 12:36
275 2951 1 88 1933 150 0 13.07.2004 12:38
280 3061 1 83 1755 150 0 13.07.2004 12:36
285 2838 1 88 1917 150 0 13.07.2004 12:37
290 2640 1 89 1935 150 0 13.07.2004 12:37
295 2576 1 91 2006 75 0 13.07.2004 12:37
300 2543 1 93 2067 75 0 13.07.2004 12:37
305 2555 1 92 2044 75 0 13.07.2004 12:37
310 2512 1 94 2112 75 0 13.07.2004 12:37
315 2992 1 94 2139 150 0 13.07.2004 12:37
320 2493 1 a7 2225 75 0 13.07.2004 12:37
325 2692 1 91 2042 150 0 13.07.2004 12:37
330 2691 1 90 1973 75 0 13.07.2004 12:37
335 26836 1 88 1921 75 0 13.07.2004 12:37
340 2812 1 85 1817 150 0 13.07.2004 12:37
345 2845 1 85 1836 150 0 13.07.2004 12:37
350 2755 1 81 1702 150 0 13.07.2004 12:37
3865 2818 1 78 1596 150 0 13.07.2004 12:37
360 2724 1 76 1527 150 0 13.07.2004 12:37
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCog:
Obiject - c9 , Profile - 1 ,14.07.2006 15:38:25
[Picket JParametrA_|Parametr8_[ParametrC_|ParametrD_[Parametrf [Azimuth _JTime
0 2254 2 52 822 86 0 14.07.2004 10:45
5 2272 2 53 865 86 0 14.07.2004 10:45
10 2310 3 55 920 90 0 14.07.2004 10:45
15 2222 2 55 911 90 0 14.07.2004 10:45
20 2287
25 2347
30 2230
35 2144
40 2261
45 2097
50 1859
55 1698
60 1618
65 1376
70 1191
75 1138
80 973
85 864
90 893
95 928
100 694
105 911
110 916
115 910
120 1109
125 1509
130 1459
135 1752
140 1885
145 1972
150 2046
155 2117
160 2255
165 2234
170 2309
175 2183
180 2181
185 2160
190 2201
195 2156
200 2128
205 2068 3 51 773 86 0 14.07.2004 10:46
210 1776 6 43 575 86 0 14.07.2004 10:46
215 1798 5 45 600 86 0 14.07.2004 10:46
220 1742 3 44 558 86 0 14.07.2004 10:46
225 1400 26 36 368 86 0 14.07.2004 10:46
230 1287 42 34 299 86 0 14,07.2004 10:46
235 1131 89 32 250 86 0 14.07.2004 10:47
240 1082 78 32 237 86 0 14.07.2004 10:47
245 937 89 29 171 86 0 14.07.2004 10:47
250 884 101 29 156 86 0 14.07.2004 10:47
255 776 104 28 117 90 0 14.07.2004 10:47
260 846 103 28 137 86 0 14.07.2004 10:47
265 859 86 28 139 86 0 14.07.2004 10:47
270 1347 28 31 305 150 0 14.07.2004 10:47
275 1470 26 31 357 150 0 14.07.2004 10:47
280 1785 7 38 520 150 0 14,07.2004 10:47
285 1861 7 41 604 150 0 14.07.2004 10:47
290 2093 7 46 728 150 0 14.07.2004 10:47
295 2030 7 41 670 150 0 14.07.2004 10:47
300 2158 3 48 "7 150 0 14.07.2004 10:47
305 2220 5 46 708 150 0 14.07.2004 10:47
310 2172 5 45 676 150 0 14.07.2004 10:47
315 2347 2 51 805 225 0 14.07.2004 10:47
320 2440 2 57 944 150 0 14072004 10:47
325 2392 2 52 890 88 0 14.07.2004 10:47
330 2739 1 83 1121 90 0 14.07.2004 10:47
335 2441 2 58 1012 S0 0 14.07.2004 10:47
340 2571 1 61 1077 86 0 14.07.2004 10:47
345 2625 1 62 1098 &6 0 14.07.2004 10:47
350 2448 1 57 956 86 0 14.07.2004 10:47
365 2411 1 57 ar4 86 0 14.07.2004 10:47

205



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMRog:
Object - r9 , Profile - 1 ,13.07.2006 16:52:42
[Pickel [ParametrA_|ParametrB_|ParametrC_|ParametrD_[ParametrE_JAzimuth [Time
1826 1 47 685 150 0 13.07.2004 13:37
5 1886 1 49 732 150 0 13.07.2004 13:37
10 1868 2 48 707 86 0 13.07.2004 13:37
15 1854 2 48 897 86 0 13.07.2004 13:37
20 1831
25 1916
30 1897
35 1878
40 1834
45 1821
50 1831
55 1723
60 1758
65 1668
70 1664
75 1644
80 1527
85 1421
90 1502
95 1284
100 1224
105 689
110 571
115 655
120 839
125 349
130 314
135 959
140 1029
145 700
160 783
155 1002
160 1350
165 1738
170 1773
175 1663
180 1687
185 1702
190 1721
195 1888
200 2234 2 54 836 86 T 13.07.2004 1338
205 2041 3 50 793 86 0 13.07.2004 13:38
210 1981 4 45 703 &6 0 13.07.2004 13:39
215 1938 7 47 726 86 0 13.07.2004 13:39
220 1998 5 46 671 86 0 13.07.2004 13:39
225 2031 10 48 7 86 0 13.07.2004 13:39
230 2199 5 49 790 86 0 13.07.2004 13:39
235 1992 7 42 668 86 0 13.07.2004 13:39
240 1808 17 40 578 86 0 13.07.2004 13:39
245 1820 20 38 553 86 0 13.07.2004 13:39
250 1685 21 36 427 86 0 13.07.2004 13:39
255 1207 61 32 273 86 0 13.07.2004 13:39
260 971 85 29 181 86 0 13.07.2004 13:38
265 823 112 27 143 112 0 13.07.2004 13:39
270 177 65 29 336 a3 0 13.07.2004 13:39
275 1343 31 32 309 225 0 13.07.2004 13:39
280 1043 58 27 197 75 0 13.07.2004 13:38
285 1464 18 31 418 150 0 13.07.2004 13:39
290 1354 26 31 322 150 0 13.07.2004 13:39
295 1718 18 36 505 150 0 13.07.2004 13:39
300 1754 12 38 573 150 0 13.07.2004 13:39
305 1829 4 47 702 150 0 13.07.2004 13:39
310 1813 2 49 77 150 0 13.07.2004 13:38
315 2066 2 55 889 180 0 13.07.2004 13:39
320 2054 2 80 1080 150 0 13.07.2004 13:39
325 1968 1 57 a79 150 0 13.07.2004 13:39
330 1976 1 60 1062 150 0 13.07.2004 13:3%
335 1950 1 55 027 150 0 13.07.2004 13:40
340 2040 1 61 1071 150 0 13.07.2004 13:40
345 2028 1 56 945 150 0 13.07.2004 13:40
350 2022 1 56 933 150 0 13.07.2004 13:40
355 1881 1 54 870 75 0 13.07.2004 13:40

206



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

,13.07.2006 16:50:02

. [ParametrD_[Paramelrt

[Azimuth _[Time

]

, Profile - 1
[ 48
14 49

688
692

86
86

0 13.07.2004 11:43
0 13.07.2004 11:43

18

10

10
12
24
21
33
42
47

81
78
91

86
69
88
75
81
58
71
83
68
68
48

28
14
27

12

SMLio:
Object - 110
[Picket JParametrA [ParametrB
1660
5 1676
10 1698
15 1728
20 1730
25 1814
30 1745
35 1766
40 1813
45 1769
50 1819
55 1716
60 1656
65 1619
70 1700
75 1751
80 1878
85 1771
90 1724
95 1072
100 1111
105 1281
110 1038
115 1063
120 823
125 1264
130 565
135 536
140 856
145 1186
150 1307
155 1757
160 1541
165 1559
170 1663
175 1750
180 1805
185 1833
190 1708
195 1628
200 1678
205 1684
210 1680
215 1680
220 1588
225 1542
230 1562
235 1480
240 1351
245 1345
250 1328
255 1108
260 1174
265 710
270 681
275 571
280 518
285 491
290 929
295 801
300 449
305 581
310 1005
315 1102
320 1247
325 1353
330 1491
335 1496
340 1561
345 1504
350 1480
355 1614
360 1653
365 1609

12

52
47
49

a7
43
41
37
37

32

27
27
26
21

28
26

27
31

38
37
42
43
41

47
48
45

708
651
684
754

609
606
538
483
383
381
361
247
314
108

90

70

66

51
182

83

45

80
218
252
345
374
437
487
524
468
508
615
658
592

150
150
150
S0
86
86
86
86
90
&6

86
86
86
86

86

0 13.07.2004 11:44
0 13.07.2004 11:44
0 13.07.2004 11:44
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:45
0 13.07.2004 11:46
0 13.07.2004 11:46
0 13.07.2004 11:46
0 13.07.2004 11:46
0 13.07.2004 11:46
0 13.07.2004 11:46
0 13.07.2004 11:46
0 13.07.2004 11:46
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VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCio:
Object - ¢10 , Profile - 1 ,13.07.2006 16:50:26
[Picke! [ParametrA_|Parametr8_|ParametrC_|ParametrD_|Parametr_[Azimuth _JTime ]
2004 1 48 697 86 0 07.12.1999 16:00
5 1810 9 45 638 86 "] 12:00:00 AM
10 1908 4 47 668 86 Q 12:00:00 AM
15 1869
20 1958
25 1829
30 1788
35 1756
40 1712
45 1637
50 1540
55 1578
80 1588
85 1487
70 1354
75 1107
80 1079
85 857
90 826
95 755
100 566
105 485
110 287
115 288
120 377
125 506
130 1049
135 1479
140 1961
145 2348
150 2171
155 2489
160 2499
165 2427
170 2412
178 2280
180 2278
185 2177
190 1872
195 1923
200 1844 2 47 663 8 0 13.07.2004 12:30
205 1811 3 47 681 86 0 13.07.2004 12:30
210 1773 3 45 637 86 0 13.07.2004 12:30
215 1729 8 42 575 86 0 13.07.2004 12:30
220 1618 5 40 505 86 0 13,07.2004 12:30
225 1512 15 40 461 86 0 13.07.2004 12:30
230 1530 10 39 442 86 0 13,07.2004 12:30
235 1481 22 37 427 86 0 13.07.2004 12:30
240 1489 32 38 397 86 0 13.07.2004 12:30
245 1589 17 38 489 150 0 13.07.2004 12:30
250 1451 21 36 393 150 0 13.07.2004 12:30
255 1644 1 39 482 150 0 13.07.2004 12:30
260 1605 24 37 431 150 0 13.07.2004 12:30
265 1709 8 40 586 150 0 13.07.2004 12:30
270 1872 3 45 685 150 0 13.07.2004 12:30
275 1876 5 44 660 150 0 13.07.2004 12:31
280 1722 1 39 535 150 0 13.07.2004 12:31
285 1235 58 34 316 75 0 13.07.2004 12:31
290 2411 5 48 753 150 0 13.07.2004 12:31
295 1815 14 37 469 150 0 13.07.2004 12:31
300 2438 1 52 851 150 0 13.07.2004 12:31
305 1708 1 39 518 75 0 13.07.2004 12:31
310 1638 15 39 487 75 0 13.07.2004 12:31
315 2303 ] 47 788 150 0 13.07.2004 12:31
320 1904 4 43 602 150 0 13.07.2004 12:31
325 1595 15 38 458 150 0 13.07.2004 12:31
330 1916 4 43 578 150 0 13.07.2004 12:31
335 1779 8 40 512 86 0 13.07.2004 12:31
340 1876 7 44 594 86 0 13.07.2004 12:31
345 1906 6 44 603 86 0 13.07.2004 12:31
350 1990 9 44 665 86 0 13.07.2004 12:31
355 1921 5 47 847 86 0 18.07.2004 12:31
360 1864 8 46 639 86 0 13.07.2004 12:31

208



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMCio:
Object - c10 , Profile - 2 ,14.07.2006 15:36:37
Pickel [ParamelrA_|Parametrs_|ParametrC_|ParametrD_|ParametrE_[Azimuth _Time
a 1547 15 41 480 86 0 14.07.2004 10:38
5 1616 5 45 608 86 0 14.07.2004 10:38
10 1651 6 47 640 86 0 14.07.2004 10:38
15 1766 5 50 719 86 0 14.07.2004 10:38
20 1756
25 1869
30 1920
35 1864
40 1914
45 2358
50 2464
55 2251
60 2285
65 2308
70 2165
75 2385
80 2242
85 2280
90 1985
95 1711
100 1548
105 1114
110 1140
115 1005
120 938
125 979
130 1189
135 1107
140 1192
145 1254
150 1603
155 1601
160 1698
165 1808
170 2070
175 2077
180 1862
185 1956
190 1750
195 1703
200 1732
205 1754 5 47 873 86 0 14.07.2004 10:40
210 1735 3 44 600 86 0 14.07.2004 10:40
215 1634 4 42 526 86 0 14.07.2004 10:40
220 1601 9 41 482 88 0 14.07.2004 10:40
225 1411 20 38 406 86 0 14.07.2004 10:40
230 1298 40 34 315 86 0 14.07.2004 10:40
235 1123 71 32 241 86 0 14.07.2004 10:40
240 995 94 3 202 86 0 14.07.2004 10:40
245 952 93 29 168 86 0 14.07.2004 10:40
250 774 102 28 121 86 0 14.07.2004 10:40
255 789 107 28 119 g6 0 14.07.2004 10:40
260 649 95 27 87 &6 0 14.07.2004 10:40
265 798 103 27 124 112 0 14.07.2004 10:40
270 1021 65 28 192 150 0 14.07.2004 10:40
275 1017 54 27 192 150 0 14.07.2004 10:40
280 1196 41 27 263 150 0 14.07.2004 10:40
285 1416 29 31 420 150 0 14.07.2004 10:40
290 1247 42 28 303 150 0 14.07.2004 10:40
285 1272 33 30 298 150 0 14.07.2004 10:40
300 1176 56 29 262 75 0 14.07.2004 10:40
305 1154 73 31 284 75 0 14.07.2004 10:40
310 1383 33 32 360 150 0 14.07.2004 10:40
315 1793 8 44 745 150 0 14.07.2004 10:40
320 1480 18 35 438 150 0 14.07.2004 10:40
325 1284 51 35 328 86 0 14.07.2004 10:40
330 1552 15 37 457 86 0 14.07.2004 10:40
335 1438 28 38 403 86 0 14.07.2004 10:41
340 1550 14 40 476 86 0 14.07.2004 10:41
345 1587 1 43 556 S0 0 14.07.2004 10:41
350 1563 18 44 543 86 0 14.07.2004 10:41
355 1585 12 43 542 86 0 14.07.2004 10:41

209



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMR10:
Object - r10 , Profile -1 ,13.07.2006 16:52:55
ka ot [ParametrA ]F aramelrB_[ParametrC [ParametrD [Paramelrk [Azimuth [Time
0 1727 14 47 687 90 0 13.07.2004 13:48
5 1670 12 45 606 90 0 13.07.2004 13:48
10 1566 19 43 537 86 0 13.07.2004 13:48
15 1649 1" 44 574 90 0 13.07.2004 13:48
20 1591 14 43 544 86 0 13.07.2004 13:48
25 1836
30 1737
35 1665
40 1570
45 1723
50 1714
55 1849
&0 1384
65 1277
70 983
75 1625
80 1592
85 1541
90 6844
95 7
100 557
105 582
110 807
115 662
120 1252
125 1286
130 1450
135 1279
140 1592
145 1930
150 1868
155 1641
160 1780
165 2084
170 2212
175 1910
180 1949
185 1892
190 1772
195 1696
200 1588
205 1635 16 40 460 86 U 13072004 1349
210 1545 12 41 474 86 0 13.07.2004 13:49
215 1541 13 41 474 86 0 13.07.2004 13:49
220 1564 9 39 493 86 0 13.07.2004 13:48
225 1467 &1 38 421 86 0 13.07.2004 13:49
230 1418 22 38 415 86 0 13.07.2004 13:49
235 1371 37 35 341 a6 0 13.07.2004 13:49
240 1378 27 36 357 86 0 13.07.2004 13:50
245 1254 50 35 317 86 0 13.07.2004 13:50
250 826 107 29 137 86 0 13.07.2004 13:50
255 675 96 26 85 86 0 13.07.2004 13:50
260 590 86 26 86 105 0 13.07.2004 13:50
285 423 64 25 38 112 0 13.07.2004 13:50
270 705 a3 27 110 90 0 13.07.2004 13:50
275 720 91 27 107 86 0 13.07.2004 13:50
280 571 7 25 88 105 0 13.07.2004 13:50
285 631 81 23 88 150 0 13.07.2004 13:50
290 815 70 27 187 150 0 13.07.2004 13:50
295 508 63 24 52 75 0 13.07.2004 13:50
300 601 79 25 72 150 0 13.07.2004 13:50
305 788 76 27 133 150 0 13.07.2004 13:50
310 691 79 25 115 75 0 13.07.2004 13:50
315 787 9 26 116 150 0 13.07.2004 13:50
320 797 98 28 153 75 0 13.07.2004 13:50
325 969 109 31 192 86 0 13.07.2004 13:50
330 987 97 30 198 86 0 13.07.2004 13:50
335 1343 44 35 341 86 0 13.07.2004 13:50
340 1437 32 37 383 86 0 13.07.2004 13:50
345 1421 32 37 380 86 0 13.07.2004 13:50
350 15186 24 41 462 86 0 13.07.2004 13:50
355 1542 26 43 526 86 0 13.07.2004 13:50

210



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMR10_5: Measurement in the profile between SMR10 and SMR1 at the intersection with the

road:
Object-r10 5 |, Profile - ,13.07.2006 16:53.21
[Ficket [Parametrs_[Parametr8_|ParametrC_|ParametrD [ParametrE[Azimuth_[Time ]
] 1875 4 43 600 86 0 13.07.2004 13:54
5 1944 2 48 738 86 0 13.07.2004 13:54
10 1853 5 45 627 86 0 13.07.2004 13:54
15 2029 2 50 755 86 0 13.07.2004 13:54
20 2082
25 2059
30 2062
£ 2161
40 2208
45 2304
50 2257
585 2309
60 2316
65 2383
70 2332
% 2280
80 2232
85 2312
90 2264
95 1780
100 1213
105 1562
110 1659
115 1634
120 1688
125 851
130 581
135 602
140 694
145 822
150 998
155 1223
160 1480
165 1583
170 1690
175 1846
180 1825
185 1807
190 2115
195 2808
200 2695 T 3 1077 07 B
205 2968 1 67 1250 213 0 13.07.2004 13:55
210 3079 1 69 1301 180 0 13.07.2004 13:55
215 3227 ) 73 1450 206 0 13.07.2004 13:55
220 2983 1 69 1328 183 0 13.07.2004 13:55
225 2900 1 66 1215 206 0 13.07.2004 13:55
230 2729 1 58 980 90 0 13.07.2004 13:55
235 2095 11 44 602 20 0 13.07.2004 13:55
240 2085 8 42 549 90 0 13.07.2004 13:56
245 1484 36 34 328 86 0 13.07.2004 13:56
250 2475 5 52 808 221 0 13.07.2004 13:56
255 2329 8 48 698 210 0 13.07.2004 13:56
260 2035 18 42 533 221 0 13.07.2004 13:56
265 432 60 25 33 105 0 13.07.2004 13:56
270 754 93 26 106 221 0 13.07.2004 13:58
275 722 92 27 113 112 0 13.07.2004 13:58
280 286 26 25 28 108 0 13.07.2004 13:56
285 290 29 26 21 105 0 13.07.2004 13:56
290 225 21 22 12 86 0 13.07.2004 13:56
295 214 20 24 12 82 0 13.07.2004 13:58
300 282 30 29 27 78 0 13.07.2004 13:58
305 500 65 27 68 86 0 13.07.2004 13:56
310 831 91 25 84 86 0 13.07.2004 13:56
315 1088 69 28 211 &6 0 13.07.2004 13:56
320 1494 25 32 318 86 0 13.07.2004 13:56
325 1372 39 33 303 86 0 13.07.2004 13:56
330 1687 29 ar 411 86 0 13.07.2004 13:56
335 2022 18 39 492 86 0 13.07.2004 13:56
340 2571 3 51 785 86 0 13.07.2004 13:56
345 2164 6 42 599 86 0 13.07.2004 13:56
350 2572 2 54 849 88 0 13.07.2004 13:56
356 2767 2 80 1060 225 0 13.07.2004 13:56

211



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SM 2321: at the geodetical poinz close to SMCo4:

Object - 23 , Profile - 21 ,13.07.2006 16:49:50
[Picket [ParametrA_|Parametr_[ParametrC_[ParametrD [Parametre_|Azimuth_[Time ]
4] 1433 14 35 341 86 0 13.07.2004 11:07
5 1481 15 37 374 86 0 13.07.2004 11:07
10 1490 11 37 397 86 0 13.07.2004 11:07
15 1480
20 1473 ,_
25 1503
30 1454
35 1450
40 1385
45 1356
50 1322
55 1243
60 1124
65 964
70 826
75 752
80 740
85 643
90 464
95 329
100 220
108 236
110 250
116 198
120 171
125 216
130 288
135 364
140 591
145 643
150 881
155 1081
160 1179
165 1306
170 1457
175 1397
180 1408
185 1468
180 1492
195 1489
200 1487 ] 36 385 86 0 13.07.2004 11:08
205 1437 18 ar 377 86 0 13.07.2004 11:08
210 1448 11 37 393 86 0 13.07.2004 11:08
215 1418 15 36 374 86 0 13.07.2004 11:08
220 1310 36 35 327 86 0 13.07.2004 11:08
225 1175 60 33 263 86 0 13.07.2004 11:08
230 1041 84 32 224 86 0 13.07.2004 11:08
235 1012 88 31 213 86 0 13.07.2004 11:08
240 801 102 29 165 86 0 13.07.2004 11:08
245 984 88 31 198 86 0 13.07.2004 11:08
250 721 101 29 112 86 0 13.07.2004 11:08
255 7086 94 27 101 86 0 13.07.2004 11:08
260 697 106 28 100 86 0 13.07.2004 11:.08
265 407 59 27 38 105 0 13.07.2004 11:08
270 421 63 25 34 88 0 13.07.2004 11:08
275 362 43 30 39 108 0 13.07.2004 11:08
280 296 32 24 14 105 0 13.07.2004 11:09
285 166 8 36 23 63 0 13.07.2004 11:09
290 163 1 30 8 75 0 13.07.2004 11:09
295 177 10 20 4 82 0 13.07.2004 11:09
300 227 18 35 21 86 0 13.07.2004 11:09
305 246 23 2 8 82 0 13.07.2004 11:09
310 239 17 21 7 82 0 13.07.2004 11:08
315 312 35 24 19 82 0 13.07.2004 11:08
320 503 72 25 50 86 0 13.07.2004 11:09
328 590 85 26 75 86 0 13.07.2004 11:09
330 1004 82 29 178 88 0 13.07.2004 11:09
335 1054 72 30 194 86 0 13.07.2004 11:09
340 1157 54 31 229 86 0 13.07.2004 11:09
345 1326 25 33 300 86 0 13.07.2004 11:09
350 1371 26 33 300 86 0 13.07.2004 11:09
355 1443 16 34 331 86 0 13.07.2004 11:09

212



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SML:

Object - 111 , Profile - 1 ,14.07.2006 15:29:47

[Picket [ParametrA I".ar ametrB_|ParametrC_[ParametrD [ParametrE_JAzimuth JTime ]
0 1255 43 33 278 86 0 14.07.2004 09:26
5 1338 41 35 316 86 0 14.07.2004 09:26

10 1370 24 34 340 86 0 14.07.2004 09:26

15 1408 20 35 360 86 0 14.07.2004 09:26

20 1403 20 36 363 86 0 14.07.2004 09:26

25 1386 25 36 358 86 0 14.07.2004 09:26

30 1397

35 1380

40 1348 0

45 1344 350388

50 1265 M

55 1291

60 1281 5404

85 1328

70 1039 ‘

75 531 1500

s = -

%0 644 295 % %

95 538 290 70
100 498 285 75
105 505 280 80
110 1228
115 1248 2 - 58
120 1502 270 . °0
125 1215 265 95
130 1806
135 1913 o 100
140 2159 255 105
145 1975 25 110
150 1787 245 115
155 1703
160 1888
165 1718
170 1491
175 1886
180 1732
185 1609
190 1634
195 1638
200 1438 L
205 1440
210 1371 3Z 37 372 153 U TF U7 2004 U928
215 1381 21 36 362 86 0 14.07.2004 09:28
220 1320 31 35 336 86 0 14.07.2004 09:28
225 1164 62 33 270 86 0 14.07.2004 09:28
230 1169 66 33 264 86 0 14.07.2004 09:28
235 1051 85 32 228 86 0 14.07.2004 09:28
240 1017 85 kil 200 86 0 14.07.2004 09:26
245 954 94 30 201 86 0 14.07.2004 09:28
250 836 o8 30 158 86 0 14,07.2004 08:28
255 812 96 28 135 78 0 14.07.2004 09:28
260 567 85 25 72 86 0 14.07.2004 08:28
265 437 B85 25 36 105 0 14.07.2004 09:28
270 415 82 25 38 108 0 14.07.2004 09:28
275 312 40 24 19 105 0 14.07.2004 09:28
280 284 29 23 15 90 0 14.07.2004 09:28
285 1587 13 21 4 108 0 14.07.2004 09:28
200 194 18 24 7 78 0 14.07.2004 09:28
295 145 5 24 2 82 0 14.07.2004 09:28
300 137 8 29 ] 82 0 14.07.2004 09:28
305 192 10 22 4 82 0 14.07.2004 09:28
310 217 22 22 9 82 0 14.07.2004 09:29
315 3186 34 23 18 82 0 14.07.2004 09:29
320 482 74 26 47 82 0 14.07.2004 09:29
325 678 92 26 93 86 0 14.07.2004 09:29
330 745 90 28 11 86 0 14.07.2004 09:29
335 208 91 28 153 86 0 14.07.2004 09:29
340 1099 79 31 217 86 0 14.07.2004 08:29
345 1110 62 31 223 86 0 14.07.2004 09:29
350 1211 56 32 258 86 0 14.07.2004 09:29
355 1257 40 33 281 86 0 14.07.2004 09:29
360 1286 38 34 300 86 0 14.07.2004 08:29

213



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

SMLiz:
Object - 112 , Profile - 1 ,14.07.2006 15:31:32
[Picket [ParametrA_|Parametr_|ParametrC_|ParametrD |ParametrE_[Azimuth [Time ]
0 131 69 31 240 86 0 14.07.2004 09:37
5 1220 49 32 266 86 0 14.07.2004 09:37
10 1301 39 34 315 86 0 14.07.2004 09:37
15 1322 26 35 326 86 0 14.07.2004 09:38
20 1394 22 36 354 86 0 14.07.2004 09:38
25 1404 28 a7 381 86 0 14.07.2004 09:38
30 1387 = s
35 1415
40 1469
45 1373
50 1359
55 1334
60 1288
65 1187
70 1087
75 977
80 957
85 1073
90 659
95 444
100 341
105 285
110 209
115 331
120 269
125 262
130 170
135 244
140 249
145 618
150 470
155 807
160 929
1685 940
170 1208
175 1180
180 1268
185 1322
190 1361
195 1366
200 1350
205 1391
210 1372 20 £ Els To U TF.UT. 2005 UT 30
215 1330 29 35 340 88 0 14.07.2004 09:40
220 1338 ar 36 346 86 0 14.07.2004 09:40
225 1374 25 37 381 86 0 14.07.2004 09:40
230 1338 34 34 335 86 0 14.07.2004 09:40
235 1260 52 33 303 86 0 14.07.2004 09:40
240 1459 16 36 398 150 0 14.07.2004 09:40
245 1344 41 34 324 150 0 14.07.2004 09:40
250 1261 B84 34 297 150 0 14.07.2004 09:40
255 1310 37 32 296 150 0 14.07.2004 09:40
260 1197 47 30 255 150 0 14.07.2004 09:40
265 1083 58 28 215 150 0 14.07.2004 09:40
270 200 88 27 160 75 0 14.07.2004 09:40
275 750 96 25 112 112 0 14.07.2004 09:40
280 602 87 25 71 105 0 14.07.2004 09:40
285 350 47 22 21 71 0 14.07.2004 09:40
290 245 21 22 8 75 0 14.07.2004 09:40
295 239 22 21 8 108 0 14.07.2004 09:40
300 217 13 22 -] 105 0 14.07.2004 09:40
305 247 25 22 14 80 0 14.07.2004 09:41
310 328 34 22 15 82 0 14.07.2004 09:41
315 375 53 24 26 82 0 14.07.2004 09:41
320 485 61 24 53 82 0 14.07.2004 09:41
325 736 99 26 108 86 0 14.07.2004 09:41
330 688 108 27 95 82 0 14.07.2004 09:41
335 855 103 27 137 86 0 14.07.2004 09:41
340 925 92 28 174 86 0 14.07.2004 09:41
345 984 90 29 177 86 0 14.07.2004 09:41
350 1202 61 33 260 86 0 14.07.2004 09:41
355 1286 40 33 298 86 0 14.07.2004 09:41
360 1346 31 34 316 86 0 14.07.2004 09:41
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SML13:
Object - 113 , Profile - 1 ,14.07.2006 15:32:22
[Ficket [ParametA_|ParamelrB_|ParametrC_|ParametrD_JParametrf [Azimuth_]Time |
914 86 29 177 86 0 03.12.1999 02:27
5 987 84 30 197 86 0 03.12.1999 18:24
10 927 88 30 184 86 0 12:00:00 AM
15 952
20 1081
25 1124
30 1115
35 1150
40 1180
45 1137
50 1127
55 1111
80 1026
65 948
IL] 885
75 821
80 891
85 819
90 804
95 654
100 585
108 589
110 482
115 401
120 380
125 408
130 476
135 338
140 516
145 3M
150 410
155 623
160 742
165 731
170 760
175 855
180 921
185 992
190 1016
195 1076 L5 3T 232 85 U T#U7.2008 0953
200 1058 74 32 227 86 0 14.07.2004 09:53
205 1092 69 32 242 86 0 14.07.2004 09:53
210 1130 61 32 249 86 0 14.07.2004 09:53
215 1140 &1 32 259 86 0 14.07.2004 09:53
220 1140 65 33 280 88 0 14.07.2004 09:53
225 1119 70 32 253 86 0 14.07.2004 09:53
230 1085 5 32 239 86 0 14.07.2004 09:53
235 a7 90 3N 190 86 0 14.07.2004 09:53
240 924 g5 30 178 86 0 14.,07.2004 09:53
245 816 112 29 147 86 0 14.07.2004 09:53
250 845 102 29 149 86 0 14.07.2004 09:53
255 755 112 28 125 86 0 14.07.2004 09:53
260 609 98 28 80 86 0 14.07.2004 09:53
265 595 84 26 69 86 0 14.07.2004 09:53
270 546 93 27 63 86 0 14.07.2004 09:53
275 447 73 25 44 82 0 14.07.2004 08:53
280 407 52 25 31 86 0 14.07.2004 09:53
285 359 40 23 28 90 0 14.07.2004 09:53
290 377 46 24 30 86 0 14.07.2004 09:53
295 309 30 23 17 86 0 14.07.2004 09:53
300 348 40 25 29 108 0 14.07.2004 08:53
305 257 27 23 13 86 0 14.07.2004 09:53
310 274 29 22 14 30 0 14.07.2004 09:53
315 281 3z 23 18 82 0 14.07.2004 09:53
320 340 45 23 29 86 0 14.07.2004 09:53
325 432 59 23 44 86 0 14.07.2004 09:54
330 457 64 23 50 8z 0 14.07.2004 09:54
335 5864 74 26 71 88 0 14.07.2004 09:54
340 655 85 26 a7 88 0 14.07.2004 09:54
345 640 85 27 96 86 0 14.07.2004 09:54
350 760 82 27 127 86 0 14.07.2004 09:54
355 819 982 28 145 86 0 14.07.2004 09:54
380 958 86 30 193 88 0 14.07.2004 09:54
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SML14_St.Moritz: next to the stairs at Chesa Corvilia

Object - 43 , Profile - 1 ,14.07.2006 15:35:09
[Ficket JParametrA_|ParametrB_|ParametrC_|ParametrD_|Paramete_]Azimuth_]Time ]
0 1270 49 33 291 86 0 14.07.2004 10:06
5 1347 37 34 309 86 0 14.07.2004 10:05
10 1494 19 38 420 86 0 14.07.2004 10:05
15 1585
20 1599
25 1641
30 1616
35 1615
40 1607
45 1590
50 1600
55 1555
60 1570
65 1589
70 1593
75 1617
80 1447
85 1408
20 1420
95 1283
100 1164
108 995
110 791
115 881
120 821
125 643
130 496
135 477
140 437
145 996
150 848
155 956
160 937
165 973
170 1106
175 1237
180 1375
185 1444
190 1416
195 1404 Zg 7 37T oo U THUT.ZU05 TU.UD
200 1423 31 37 372 86 0 14.07.2004 10:06
205 1425 20 37 387 86 0 14.07.2004 10:08
210 1549 10 43 529 86 0 14.07.2004 10:06
215 1433 20 39 423 86 0 14.07.2004 10:06
220 1371 33 38 390 86 0 14.07.2004 10:08
225 1367 22 36 389 86 0 14.07.2004 10:06
230 1284 45 36 3 86 0 14.07.2004 10:08
235 1229 48 35 3n 86 0 14.07.2004 10:06
240 1181 65 3 280 86 0 14.07.2004 10:08
245 1117 70 33 261 86 0 14.07.2004 10:06
250 1065 80 32 229 86 0 14.07.2004 10:06
255 861 105 30 160 86 0 14.07.2004 10:08
260 963 100 30 197 86 0 14.07.2004 10:08
265 833 102 28 143 86 0 14.07.2004 10:07
270 1158 63 34 323 108 0 14.07.2004 10:07
275 924 81 29 180 105 0 14.07.2004 10:07
280 522 69 27 61 108 0 14.07.2004 10:07
285 410 42 26 40 202 0 14.07.2004 10:07
290 367 31 26 37 202 0 14.07.2004 10:07
205 349 31 27 38 202 0 14.07.2004 10:07
300 321 25 26 30 202 0 14.07.2004 10:07
305 399 32 28 49 202 0 14.07.2004 10:07
310 385 36 25 45 202 0 14.07.2004 10:07
315 538 50 26 60 86 0 14.07.2004 10:07
320 834 61 27 86 82 0 14.07.2004 10:07
325 834 59 26 79 86 0 14.07.2004 10:07
330 804 88 27 132 86 0 14.07.2004 10:07
335 966 84 29 176 86 0 14.07.2004 10:07
340 1160 72 31 242 86 0 14.07.2004 10:07
345 1277 60 33 288 86 0 14.07.2004 10:07
350 1331 38 35 333 86 0 14.07.2004 10:07
355 1409 30 37 389 86 0 14.07.2004 10:07
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9.3 Bericht Nr. 4714/1

Messerklinger, S., Schmid, A., Rohr, R. Sterba, I. und Puzrin, A.M. (2007).“Interaktion Strasse -
Hangstabilitdt, Monitoring und Rickwértsrechnung, VSS — Forschungsarbeit Nr. 2005/502 1.
Zwischenbericht Field expedition St. Moritz — Juli 2006“ Bericht Nr. 4714/1, Institut fir Geotechnik, ETH
ZUrich
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Borehole No.: 0601, St. Moritz. Oedometer Tests and
Comparison to the Insitu Stiffness Measurements.
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1. Introduction ' 4

2.  Qedometer tests g
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b. Test performance 6
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1. Introduction

In July 2006 the Institute for Geotechnical Engineering of ETH Zirich made a
field expedition to St. Moritz (Report No. 4714) with the aim to:

-verify and compare various insitu test methods and

-establish the existence of compression zones at the Brattas slide.
The following program points were performed:

1) Installation of new geodetical points on the Brattas slide.

2) Investigation and observation of former geodetical points and other

significant marks.

3} Installation of borehole No. 0601 with a piecometer and an inclinometer

and extraction of soil samples.
4) Dilatometer-Pressiometer tests in the borehole.
5) Marchetti dilatometer tests in the borehole.
6) Infrared pictures of the Brattas slide.

7) Photographs and their photogrammetrical evaluation of the geodetical

points.
8) Electromagnetic radiation measurements.

In point 4 and 5 insitu methods for the stiffness determination were applied.
The insitu test methods are the Dilatometer-Pressiometer (point 4) and
Marchetti dilatometer test (point 5) which were performed in the borehole. The
soil stiffness over the depth was investigated and the stiffness measurements

of these two field methods were compared to each other (Report No. 4714).

In a second step these insitu stiffress data are compared to the stiffness
determined in the laboratory with Oedometer test performed on sa mples taken
from the borehole (point 3). This report is about these Oedometer test on the

samples taken from the borehole,
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2. Oedometer tests

16 disturbed samples were extracted from borehole No. 0601 form depths at

which insitu tests were performed with the aim to determine and compare the

oedometer stiffness to the stiffness measurements insitu. An overview of the

samples extracted and the insitu tests performed is shown in table 1 together

with the oedometer tests performed.

Tab.1: Overview of the Oedometer and insitu tests performed.

Marchetti Dilatometer-
Labor | Sample | Oedometer | dilatometer |Pressiometer
Depth[m] | number | number |test number | test number | test number
4.85—5.05 47134 1 11—; 1@5.00m
2.1
6.20-6.30 47135 2 2 2 1/a@6.40m
2.3
8.82-9.04 47136 3 3—; 2®8.94m
8.50-8.75 47137 3a
9-10-9.55 47138 3b
10.20 —10.50 47139 4 41 2/a @10.40m
10.50 —10.70 47140 5 5.1 2/b @10.60 m
10.70—10.90 4747 6 6 1 2/c@10.80m
10.90 - 11.20 4742 7 71 2/d@1.00m
B 81 3@13.70m
13.80-14.00 47143 8 8 2 3/a@13.90m 4@13.90m
14.00 —14.20 47144 9 g—; 3/b @140 m
10_1
14.20 —14.40 47145 10 it 3 3/c@14.25m
15.80 —16.00 47146 1 -
16.30-16.47 47147 12
131
132 4/a @16.50m
16.47—16.85 47148 13 13 3 4/b @16.62 m
134 4/c@16.70 m
13.5
17.00 —17.25 4745 14
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The general idea was to perform 2 tests per sample. When the results of these
two tests varied significantly, a third test was performed. Then the two results
which were similar were used further and the third test was ignored. For the
samples 4 to 7, which are all within one meter, only one test was performed per

sample and the results were compared to each other.

a. Sample preparation

The disturbed samples from the borehole were stored in plastic bags and
transported in the IGT laboratory. The plastic bags were opened and a
representative sample was taken. This sample was sieved through a 4 mm sieve
to remove large stones and wood. The remaining soil was wetted until it had a
pasty consistence. This is needed to install a rather saturated test specimen in
the oedometer ring. Then the pasty soil was filled into the oedometer ring with

a spatula and placed in the oedometer apparatus.

b. Test performance

The specimen was loaded stepwise with 4, 12.5, 25, 50, 100, 200 and 400 kPa.
Then an un- and reloading cycle was applied with 200, 100, 50, 100, 200 and
400 kPa. Subsequently, the compression path was continued with 800, 1600
and 3200 kPa.

The consolidation time per load step was determined from the load -

displacement curve as 30 to 45 minutes.

c. Test data analysis

For each test are the test data and their analysis shown in the appendix.
Measured are the vertical displacements and calculated are the compression C.
and swelling index C; for each load step.

The compression and swelling index are soil constants and should be the same
for every load step. Due to influences of the test apparatus on load steps at low
stress level and due to the varying initial water content, the results of the first
few steps are not always consistent with the results at steps with higher stress
levels. Therefore, not the average value for C. and C, was used for further
comparisons but an “optimized” compression and swelling index was
calculated together with the theoretical initial void ratio e,. These calculations

are shown for each test on the data sheet in the appendix and the resulting
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stiffness response is highlighted in the diagram. In the e - log o, diagram the
green line represents the optimized compression index, the orange line
represents the average compression index and the red dot gives the initial void
ratio e, for the optimized compression index. The swelling index was also

optimized but remained in general the same or changed only minor.
3. Results

Table 2 presents a summary of the optimized compression and swelling index

and the initial void ratio determined from the oedometer test.

Tab. 2: Oedometer test results.

©
- : —

8|2 o Es

vy | gE| 8| Po| B, &R

o9 o = S | = x = o =

EE| s+ | EU | TU 52 Tl

52 8¢ | SE|3E B >

Depth [m] w & O = U .= n = = e < >
B 11 0144 | 0.032 0.797

4H5~505 . 1D 0138 | 0.026 0.788 0793
2.1 0.21 | 0.022 1146

6.20-6.30 2 22 0183 | 0.028 1.070 1.077
23 0186 | 0.034 0.997
_ 3.1 0.5 0.031 0.800

BRI 3 3.2 0148 | 0.028 0.789 hida
10.20 —10.50 4 41 ©.147 | 0.030 0.759

10.50 - 10.70 5 51 0.16 | 0.035 0.796 GHE

10.70-10.90 6 6 1 0158 | 0.028 0.785 e
10.90 —11.20 7 7 0.146 | 0.030 0.713
_ 81 0.156 | 0.030 0.759

13.80 —14.00 8 8 2 0124 | 0.033 0742 0.751
. 9.1 0.167 | 0.034 0.826

bl 9 g 2 0167 | 0.034 0.826 G820
B 10_1 0158 | 0.034 0.715

g " 10 _2 0176 | 0.034 0.851 a.783
131" | 0155 | c.017 0.893
13_2 0110 | 0.014 0.686

16.47 —16.85 13 133 o1o | 0.018 0.676 0.706
13_4 0115 | 0.015 0.743
13_5 0114 | 0.016 0.719

* The only sample which was not sieved.
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Test 2_1 behaves significantly different from tests 2 2 and 2_3, therefore this
test was ignored for further analysis. As well as test 13_1, which was the first test

and for this test the material was not sieved.

In Fig. 1 an overview of all compression and swelling indices determined from

the oedometer tests is presented.

compression and swelling index [-]

0.00 0.05 o.10 0.15 0.20 0.25 030

O ! L

'b’
L Y $
L)

depth below ground surface [m]

&
i

g
®

*®

¢

¢ Compression index

a Swelling index

Fig. 1: Comparison of the compression and swelling index determined from the

oedometer tests.
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4. Comparison to insitu tests

To compare the Young's moduli determined from the Marchetti Dilatometer
and the Dilatometer-Pressiometer tests (Report No. 4714) to the soil parameters
C. and C; determined from the oedometer tests, the Young's moduli are
transformed into compression (swelling) indices, using the pressure levels
applied by the Marchetti Dilatometer and the Dilatometer-Pressiometer tests,

respectively.

Firstly, the Young's moduli (E and E') are transformed to the constraint moduli

using isotropic elasticity and a Poisson’s ratio of 0.25:

E=(+v)1—2v) M./ (1-v) Eq.1

(The same formulation is used in the evaluation of the Marchetti data to
transform Mp,; into E (Report No. 4714). With the Poisson’s ratio of 0.25 Eq. 1

transforms into:

E=0.83M,

Secondly, the constraint modulus M is transformed into the compression and

swelling index, respectively.
Mc=23"(1+e)) 0, /C, Eg. 2
M =23*(1+e))a, /C Eg.3
The constraint moduli as well as the Young's moduli are stress dependent
parameters while the compression and swelling indices are soil parameters.
Therefore, the stress magnitude o,," at which the test was performed, is needed.

For the Marchetti Dilatometer test this stress magnitude is given by the average
pressure in the membrane during stiffness measurement. The stiffness is
measured by applying 1.1 mm displacement (Marchetti et al., 2001) between the
A and the B reading. Therefore, the average pressure between A and B was used
for the transformation of the constraint modulus to the compression and

swelling indices.
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For the Dilatometer Pressiometer test this stress magnitude is as well given by
the average pressure in the membrane during stiffness measurement. The
evaluation of the stiffness parameter was performed on the stress-strain plot by
defining two points on the curve for the compression and the swelling path,
respectively and calculating the stress strain ratio in between. From the same
two points the average stress was calculated and this is the stress magnitude
used for the transformation of the constraint modulus to the compression and

swelling indices.

Marchetti Dilatometer:

For the Marchetti Dilatometer tests the average pressure between A and B was
used because between these two values the displacement of 1.1 mm is applied
and the soil stiffness calculated.

Comparing these average pressure values for all tests performed (Tab. 3 and Fig.
2) it can be seen that for the first test of each series (2/a, 3/a and 4/a) the
average pressure is significantly lower than for the following tests of the same
series. This might be due to disturbance at the bottom of the borehole.

The values of the subsequent measurements (2/b, 2/c, 2/d & 3/b, 3/c & 4/b, 4/¢)
are relatively consistent for the series 3 and 4, therefore their average was
taken. In series 2 the pressure level of the second measurement is significantly
higher than the pressure level of the following measurements as well as the
Young's modulus determined from this test. It is assumed that a stone or
something else influenced the measurement of test 2/b, therefore the data

were not considered further.

The ratio between the first measurements ( 2/a, 3/a and 4/a) and the average of
the following measurements was determined to see the influence of the
borehole disturbance. The results are presented in Tab. 3. It can be seen that the

first value is always around 60 to 65 % of the following measurements.
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Fig. 2: Comparison of the Young’s moduli and the average pressure between A

and B determined with the Marchetti Dilatometer tests.
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Fig. 3: Comparison of the Young's moduli determined with the Marchetti

Dilatometer tests over the depth below the borehole bottom.

Finally, the constraint modulus M; was calculated using Eq. 1 and subsequently

the compression index C. was determined from M. using Eq. 2 (Tab. 3).

The initial void ratio is taken from the oedometer tests performed at the

corresponding depth (Tab. 2). The stress magnitude 6,," is the average pressure

of A& B (Tab. 3).
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Tab. 3: Transformation of Marchetti Dilatometer test data.

=
2 13 | = =2
8 =) 51 © & =
= = 2 = = —=F B
— = - ag" g = o m £~
E Teg v | EE| & 3 | g
= <03 W= == < < a ¢ —
g %8 SE| S| 5| 5 |8e| =
a =SS E 22| 85| e e | I J
1/a: A: 4.25 B: 12.5 bar
= No1/b measurement!| 48 275 Ba TR | eakgs
10.40 |2/a: A: 4.5B:12.5 bar 39 26.8 85 | 69% | 0759 | 0.0735
10.60 |2/b: A: 6.5B:22.5bar | (g6) (14.5)
10.80 |2/c: A: 7.0 B:16.5 bar 56 67.2 11.75 0.785 | 0.0718
1283
1.00 |2/d: A:5.8 B:20.0 bar | 79 94.8 12.9 0.713 | 0.0536
13.90 |3/a: A 4.1 B:11.5 bar 26 31.2 78 | 57% | 0.751 | o.007
1410 |3/b: A: 6.2 B:19.5 bar 62 74.4 12.9 . 0.826 | 0.0728
13.
14.25 |[3/c: A: 8.2 B: 201 bar 64 76.8 14.2 0.783 | 0.0758
16.50 |4/a: A: 5.1 B: 24.0 bar 85 102.0 | 146 | 1% 0.0562
16.62 |4/b: A:10.8B:33.0bar| 138 | 1656 | 219 0.706 | 5.0519
24.0
16.70 (4/C: A:14.5B:37.5bar | 162 194.4 | 26.0 0.0525

An overview of the test results is given in Fig. 4 to Fig. 7. The compression and

swelling indices determined from the oedometer

tests as well as the

compression indices determined from the Marchetti Dilatometer tests, using

the pressures applied by the Dilatometer (Tab. 3), are plotted over the depth.

In Fig. 4 the data of all tests are presented and the data of the first

measurement of the Marchetti Dilatometer within one series are marked.

The comparison of all indices shows that from 4 to 12 m the indices are slightly

increasing with depth. At 14 m the indices increase overproportional while at

16.7 m there is a consistent drop of the values.
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The comparison of the compression and swelling indices determined by the
oedometer tests to each other show qualitatively the same behaviour. Only at a
depth of 6.25 m the compression index is significantly higher than the indices

determined above and below (for the depth of 4.95 and 8.93 m, respectively).

The comparison of the Marchetti Dilatometer measurements show that the
first measurements give a compression index whose value is on the top side of
the average of the following measurements but within the range. In
comparison to the Young's moduli determined which are around 6o to 65 % of
the Young's moduli determined from the following measurements. This
highlights the advantage of the data analysis on real soil parameters which are
not stress level dependent and underlines the consistency of the Marchetti

Dilatometer tests.

In Fig. 5 and Fig. 6 the average values of the results per depth are plotted. The
comparison shows that the Marchetti measurements give an index which is
between the swelling and the compression index. This indicates that the strain
magnitude applied (1.1 mm) is not large enough to reach the fully plastic state.
But it is too large to represent the strain magnitude at the average swelling
index.

Due to the non-linearity of the elastic behaviour of real soils the stiffness
parameter is strain level dependent and the strain level applied by Marchetti
Dilatometer is in this case at a magnitude where the stiffness is twice the
plastic stiffness. (In comparison to the small strain “elastic” stiffness which is

about 10 times the plastic stiffness, e.g. Atkinson & Sillfors, 1991).

In Fig. 7 is the Oedometer swelling index and the Marchetti Dilatometer
compression index given in percentage of the Oedometer compression index.
The results show that the swelling index is a fifth of the compression index and
the Marchetti Dilatometer index is 40 to 50 % of the Oedometer compression
index.
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Fig. 4: Comparison of the compression and swelling indices determined from

the oedometer and Marchetti Dilatometer tests.
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Compression and swelling Indices [-]
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Fig. 5: Comparison of the average compression and swelling indices determined
from the oedometer and Marchetti Dilatometer tests.
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Fig. 6: Comparison of the average compression and swelling indices determined
from the oedometer and Marchetti Dilatometer tests.
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Fig. 7: Comparison of the index ratios of the oedometer and Marchetti

Dilatometer tests.
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Fig. 8: Comparison of the index ratios of the ocedometer and Marchetti
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Dilatometer-Pressiometer:

For the Dilatometer-Pressiometer tests the average pressure between the start
and end point used for the stiffness data analysis for compression and swelling,
respectively, was used.

During the third test the first measurement was performed at a depth of 13.90
m. Problems occurred therefore the test was stopped and the pressiometer was
lifted and another test was performed at a depth of 13.7 m. This second test was

successful and its results are used further.

Tab. 4: Transformation of Dilatometer-Pressiometer test data.

N I

T| = |§|E

= = = =

= = v =)

= i =] o

o = Q w ol

T T = i =

U = - b =

—_— -aq-j @ E = (=N —

‘E, £ E w © u u

o] (=} "m iy o1 oo

= = Q% -~ o o]
- -~ 1= W - - — — —
o T g S = [ [T et Edy
o [} = = 0 Q > ) 9] n
o — 0o > ] < < o 9] ]

Eomp =150 [M¢=18.0
5.00 1 584 0.793 0.134 | 0.0182

E;=10.0 M. =132.0

: Ecomp =150 |M;=18.0
S 2 o. ©.12 0.011
94 e M, = 1878 543 795 5 9

Eomp=10.0 |M:=12.0

13.70 | 3b , 427 0.751 0143 | 0.0154
E,=930 Mg =112.0

Eomp=80 [Mg=0.6 -
13.90 a 170
3 ¥ E,-=178.0 M{ =213.6 .

An overview of the test results is given in Fig. g to Fig. 11. The compression and
swelling indices determined from the oedometer tests as well as the
compression indices determined from the Dilatometer Pressiometer tests, using

the pressures applied by the membrane (Tab. 4), are plotted over the depth.

In Fig. 9 the data of all tests are presented. The comparison shows that the

qualitative behaviour observed by both tests has the same trend (Fig. 10)

243



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

21
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Fig. 9: Comparison of the compression and swelling indices determined from

the oedometer and Dilatometer-Pressiometer tests.

The comparison of the compression and swelling index values determined by
the oedometer tests to the indices determined by the Pressiometer Dilatometer
show that latter values are always below the oedometer indices. While for the

compression indices the values of the Pressiometer Dilatometer are only
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marginally smaller for the swelling indices the values of the Pressiometer

Dilatometer are about a half compared to the Oedometer results (Fig. 11).
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Fig. 10: Comparison of the average compression and swelling indices

determined from the oedometer and Dilatometer-Pressiometer tests.
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Fig. 11: Comparison of the index ratios of the oedometer and Dilatometer

Pressiometer tests.
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Finally, the results of all three methods are compared to each other (Fig. 12).
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Fig. 122 Comparison of the index ratios of the oedometer, the Marchetti
Dilatometer and the Dilatometer Pressiometer tests.
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Summary and conclusions

All three methods give qualitatively the same stiffness response over depth.

Oedometer tests:

The swelling indices are a fifth of the compression indices.

Marchetti Dilatometer:
The compression index is between the swelling and compression index of
the oedometer tests and is about a half of the compression index. This

might be due to the comparable small displacements applied (1.1 mm).

Pressiometer Dilatometer:

The compression index corresponds quantitatively to the compression
index determined with Oedometer. This might be due to the comparable
large displacements applied (3 to 6 mm).

The swelling index is about a half of the Oedometer swelling index. This

might be due to the unstable unloading behaviour.

This report is part of the field investigations performed 2006 in 5t. Moritz,

which are summarized in detail in Report No. 4714.

Report No. 4714/1 Mes/Rr/IS/AMP
Zurich, 15. November 2007

ETH Zurich
Institute for Geotechnical Engineering

e

Dr. Sophie Messerklinger
Dipl. Bauing.
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Appendix:

Data sheets of the 22 oedometer tests.
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Oedometer Test

Testaim:
Test apparatus:
File name:

Comments:

Measured sample Data:

Testdate:

14.02.2007

Determined sample data:

1_2 St.Moritz

Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilatometer tests
Materialnumber: Prabe 1

HIF B 26.1: Oedometer 02 / Zelle 9
Probe_1_2.dat

4 mm sieved & remoulded - eingestrichen

initial sample height:  Hy 20.00 [mm] density Pa 2.77 [glom’)
sample diameter: D 56.40 [mm]
sample area: A 24.68 [om’]
initial sample volume: W, 49,97 [cm
dry sample weight: my 81.15 [g]
sample volume: v, 29.30 [em]
Test Data:
Loadstepo’ [laod o[ Ao” | Hy, | 4h [48h  [ae, Ag, Ml | M0 Do e o e wact sample
a’rom..ln{kPa]I [kPa] | [kPa]| [mm] | [mm) -] Il Il kNim?] | (k) | femd) | ] 8] H [%] | wei
0 20.00 | 0.000 4097 | 071 2547 101.82
0...4] 4 4] 19.28 | 0.720 0.720 0.0373] 0.0360 107 111} 48.17 0.64 23.26 100.02
4..125| 13 85| 1880 | 1.108 | 0.388| 0.0205| 00194 414 a3g] 4720 | 081 | 00869 2208 99.05
12.5...25| 25 12.5] 1846 | 1.542 0.434 0.0235 0.0217 532] 578f 48.11 0.57 0.1229 2072 a7.97
25.50] 50 25| 1807 | 1829 | 0.387| 00214] 0.0194 1167 1292) 4515 | 0.54 | 0.1096 1953 57.00
50..100] 100 50] 17.66 | 2.344 0.415 0.0235| 0.0208 12T 24108 44.11 0.51 0.1176 18.26 4596
100...200] 200 | 1o00| 17.28 | 2706 | 0.362| ©.0209] 0.0181 4777, ss25] 4321 | 047 | 0.1026 17.14 95.06
200..400] 400 | 200| 1679 | 3210 | 0.504] o0.0300 0.0252 6663 7937] 41.95 | 043 | 0.1428 15.59 9380
400...200] 200 -200) 16.83 | 3.175 -0.035| -0.0021] -0.0018 96143 114286) 42.03 043 0.0099 15.70 93.89
200...100| 100 | -100| 16.91 | 3.085 | -0.080| -0.0047| -0.0040| 21131]  25000) 4223 | 044 00227 | 1554 94.09
100...50| 50 50| 17.03 | 2971 | -0.124| -0.0073| -0.0062 6867 goes| 4254 | 045 00351 | 16.33 94.40
50...100| 100 50| 16.98 | 3.025 | 0.054] 00032| 00027 15718] 1B518| 42.41 | 045 00153 | 16.18 94.26
100..200] 200 | 1o0| 1688 | 3122 | 0.097] 00057| o0.0048| 17400 20618 42.47 | 0.44 0.0275 | 1586 84.02
200..400| 400 | 200| 16.71 | 3288 | 0.166| 0.0099| 0.0083| 20135 24096] 41.75 | 043 0.0470 | 1535 93.61
400..800| 800 | 4o0| 1631 | 3691 | 0.403| 00247 o0.0202] 16188 18861] 4075 [ 0.39 | 0.1142
800...1600| 1800 800| 15.82 | 4.178 0.487] 0.0308 0.0244 25391 32854] 39.53 0.35 0.1380 12.61 91.38
1600...3200| 3200 | 1600| 15.32 | 4679 | o0.501| 0.0327| 0.0261| 4se29| e3872] 3828 | 031 | 0.1418 11.07 90.13
average value 0.117 | 0.026
log e, []
1 10 100 1000 10000 a"mgi: " optimiz;: n.1:::
08 'y 4 084 4 0.705
3200 0.3034 3200 0.30
el: 0.788
average optimized 0.026
0.7 sig e sig e
50 045 50 045
400 04285 400 042
€0: 0.496
08
o]
)
05
0.4
03
0.2
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Oedometer Test

Testaim:
Materialnumbe

r:

Test apparatus:

File name:
Comments:

Probe_2_1.dat

Testdate: 18.01.2007

4 mm sieved & remoulded - eingestrichen

Measured sample Data:

Determined sample data:

2 1 St.Moritz

Comparison of soil stifiness with measurements of Marchetti and Cambridge Dilatometer tests
Probe 2
HIF B 26.1: Oedometer 02 / Zelle 09

inilial sample height: H, 20.00 [mim] density e 277 [glem]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [cm?]
initial sample volume: Vy 49,97 [em’]
dry sample weight: —my 63.8 [g]
sample volume: v, 23.03 [em’]
Test Data:
Loadstep o' [laod o'] &0’ | Hu | A0 |A&h  [ae, a2, M0 | MCletey [Viorw e C. . wact | sample
from..to [kPa]| [kPa] | [kPal| [mm] | [mm] |- [-] ] faniir] | [kNimd] ] fem) [ Il [l (%]
1] 20.00 | 0.000 49.97 117 42.22 90.73
0.4 4 4] 17.96 | 2.042 2042 0M37| 0.1021 35 39 44.86 0.85 34.22 B5.63
4..125] 13 85| 17.38 | 28623 0.581 0.0334| 0.0291 254 293) 4341 088 0.1274 31.94 84.18
125.25] 25 12.5] 16.85 | 3.055 0.432| 0.0255| 0.0218] 480 579] 42.33 0.84 0.1557 30.25 83.10
25..50] 50 25| 16.46 | 3.545 0.480| 0.0298| 0.0245| B40| 1020f 41.11 078 0.1768 2833 81.88
50...100| 100 50] 16.83 | 4.072 0527 0.0331 0.0284 1511 1898] 39.79 0.73 0.1898 2627 80.56
100...200| 200 100 15.37 | 4.630 0.558] 0.0363| 0.0279 2754 3584] 38.40 067 0.2011 24.08 7917
200...400] 400 200] 14.81 | 5.184 0.564| 0.0381| 0.0282 5250 7092) 38.99 0.61 0.2032 21.88 77.76
400...200| 200 -200( 14.82 | 5.179 | -0.015| -0.0010| -0.0007] 197613 266667) 37.03 0.61 0.0054 21.94 77.80
200...100] 100 -100| 14.88 | 5122 -0.057| -0.0038| -0.0029 26102 3s5088) 37.17 081 0.0205 2216 77.94
100...50] 50 -50| 14.96 | 5.037 -0.085| -0.0057| -0.0043 8802 11765) 37.38 0.62 0.0308 2249 78.15
50...100f 100 50] 14.93 | 5.087 0.030] 0.0020| 0.0015 24888 33333) AN 0.82 0.0108 2237 78.07
100...200| 200 100| 14.87 | 5.129 | o0.062 0.0042 0.0031 23985 32258) 37.15 | 0.61 0.0223 2213 77.92
200...400| 400 200| 14.76 | 5.242 0.113| 0.0077| 0.0057 26120 35398) 36.87 0.60 0.0407 2169 77.64
400...800| BOO 400] 14.21 | 5788 0.546| 0.0384] 0.0273 10412 14852 35.51 054 0.1867
800...1600| 1600 800| 13.61 | 6.385 0.607| 0.0446| 0.0304 17931 26359] 33.99 0.48 0.2187 1747 74.76
1600...3200| 3200 | 1600| 12.89 | 7.012 0.617| 0.0475| 0.0308| 33880 51864) 3245 0.41 0.2223 14.76 73.22
" average value 0.188 D.0T2
log o, [] T
average optimized 0.21
1 10 100 1000 10000 sig i sig &
12 4 095 4 1.02
3200 0.4023 3200 0.41
L 4
e0: 1.146
11
average optimized 0.022
sig (] sig e
50 062 50 0.82
104 400 0.8034 400 0.60
el: 0.660
0.8
=
@
0.8
0.7
06 -
0.5 4
04
093
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Oedometer Test

Testaim:

Materialnumber:

Test apparatus:
File name:
Comments:

Measured sample Data:

Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilatometer tests
Probe 2

HIF B 26.1: Oedometer 06 / Zelle 14

Probe_2_2.dat Testdate: 18.01.2007

4 mm sieved & remoulded - eingestrichen

Determined sample data:

2 2 St.Moritz

initial sample height: Hg 20.00 [mm] density Ps 2.77 [glem]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [em?]
initial sample volume: Vj 49.97 [cm’]
dry sample weight: My 71.23 [g)
sample volume: v, 25.71 [em’]
Test Data:
Loadstep o’ |lacd o*| 40" | Ha Ah  |AAh Ac, Ac, M | MOee [Vitaa e C. C. w act sample
from kPa] | (kPa]| [mm] | [mm] |[-] 1] [-] ki) | [knim?) | fem] | [ I L [%] | weight[g) |
0 20,00 | 0.000 49.97 0.84 34.05 95.48
0.4 4 4| 1944 | 0557 | 0557 00288 00279 140 144] 4857 | 089 32,09 94,09
4,125 13 85| 18.92 | 1.081 0.524| 0.0277| 0.0262] 307 3244 4727 0.84 0.1029 30.26 92.78
125.25] 25 12.5] 1848 | 1.510 0.428] 00232] 0.0215 539 5834 46.19 0.80 0.1385 28.75 91.71
25.50] 50 25| 18.05 | 1.854 0.444| 0.0248| 0.0222| 1018 1126] 45.08 075 0.1433 27.19 90.60
50...100| 100 50| 17.51 | 2.487 0.533| 0.0304] 0.0267 1643 1876} 43.75 0.70 0.1720 25.32 89.27
100...200] 200 100| 16.96 | 3.040 0.553| 0.0326| 0.0277| 3067 3E17] 42.37 085 0.1785 23.38 87.88
200...400| 400 200| 16.42 | 3.577 0.537| 0.0327| 0.0269 8117 74494 4103 0.60 0.1733 21.50 86,55
400...200| 200 -200| 16.45 | 3.554 -0.023| -0.0014| -0.0012| 143009 173813) 41.08 0.60 0.0074 21.58 86.60
200...100| 100 -100| 16.51 | 3.487 -0.067| -0.0041] -0.0033 24646 29851) 41.25 0.60 0.0216 21.82 86.77
100...50] 50 -50| 16.62 | 3.378 | -0.109| -0.0066| -0.0055| 7825 81744 41.53 081 0.0352 2220 87.04
50...100] 100 50| 16.58 | 3.422 0.044] 0.0027| 0.0022 18839 227274 4142 0.61 0.0142 22.04 86.93
100...200| 200 100| 1648 | 3.510 0.088| 0.0053| 0.0044] 18739 227274 41.20 0.60 0.0284 21.74 86.71
200...400| 400 200| 16.37 | 3.629 0.118] 0.0073| 0.0080 27514 33613] 4090 059 0.0384 21.32 86.42
400...800| 800 400| 15.86 | 4.143 0.514| 0.0324| 0.0257| 12340 156644 39.62 054 0.1659
800...1600| 1800 800| 15.24 | 4.763 0.620| 0.0407| 0.0310 19661 258084 38.07 0.48 0.2001 17.34 83.58
1600...3200| 3200 | 1600| 14.59 | 5412 0.649| 0.0445| 0.0325) 35964 49307) 3645 0.42 0.2095 15.06 81.96
average value 0.165 0.024
log o [] =
average optimized 0.183
4 10 100 1000 10000 sig - sig o
11 4 088 4 0.96
® 3200 04103 3200 0.43
e0: 1.070
1.0 average optimized 0.028
sig e Sig -]
50 0.61 50 0.61
400 0593 400 0.59
0e e0: 0.662
o
@
08
07
08
05
0.4
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Oedometer Test

Testaim:
Materialnumbe:
Test apparatus.
File name:
Comments:

r:

Comparison of sail stiffness with measurements of Marchetti and Cambridge Dilatometer tests

Probe

2

HIF B 26.1: Oedometer 05/ Zelle 12
Probe_2_3.dat
4 mm sieved & remoulded - singestrichen

Measured sample Data:

Testdate: 14.02.2007

Determined sample data:

2_3 St.Moritz

initial sample height:  Hg 20.00 [mm] density Pe 2.77 [giem’]
sample diameter: D 56.40 [mm]
sample area: A 24.98 e’
initial sample volume: Vo 48,97 [om]
dry sample weight: my 74.71 [g)
sample volume: V, 26.87 [Omdl
Hy | 4h Jadh Ao MOew | MOew [Vietset e Ce C. wact sample
from..to [kPa]| [kPe] | [xPa)| {mm] | [mm] J{ 18] €] i) | fi] | fem®) | [ 6] IC] %] L
0 20.00 | 0.000 4897 0.85 3078 ar.71
0.4 4 4| 19.89 | 0.109 | 0.108[ 0.0055| 0.0055 730 734) 4889 | 084 3041 97.43
4..1258| 13 8.5| 18.85 | 1.048 0.540] 0.0498| 0.0470 171 181) 47.35 078 0.1760 2727 95.08
125..25| 25 12.5| 18.67 | 1431 0.382| 0.0206| 0.0181 608 654] 46.39 072 0.1175 2589 94.13
25..50| 50 25| 18.10 | 1.905 0474| 0.0262| 0.0237| 954 1055 45.21 0868 0.1459 24.41 92.95
50...100| 100 50| 17.62 | 2482 0.577] 0.0328| 0.0288 1518 1733} 4377 0.62 0.1775 2248 91.50
100...200| 200 100] 16.93 | 3.075 0.583| 0.0350| 0.0297 2854 3373) 4228 087 0.1825 20.50 80.02
200...400| 400 200| 16.36 | 3.638 0563 0.0344| 0.0282) 5812 7105§ 40.88 0.52 0.1732 18.61 B88.62
400...200| 200 -200| 16.39 | 3.609 | -0.028] -0.0018| -0.0015| 113041 137931) 40.95 052 0.0089 18.71 88.68
200...100[ 100 -100| 16.48 | 3.5618 | -0.091| -0.0055| -0.0046 18112 21978) 41.18 0.53 0.0280 19.02 B8.92
100...50| 50 -50| 16.68 | 3.326 | -0.193] -0.0116| -0.0096 4320 5181} 41.66 0.54 0.0554 19.66 89.40
50...100| 100 50| 16.56 | 3.445 0.120] 0.0072| 0.0080, 6898 8333] 41.36 | 053 0.0389 19.26 89.10
100...200| 200 100| 16.45 | 3.551 0.108] 0.0084| 0.0053 15518 18868] 41.09 052 0.0326 18.90 88.83
200...400] 400 200| 16.32 | 3.678 0.127] 0.0078| 0.0063 25704 31496] 4078 | 051 0.0391 18.48 88.52
400...800| 800 400| 15.78 | 4.222 0.544] 00345 0.0272 11601 14708] 39.42 0.46 0.1674
800...1600| 1600 800| 15.16 | 4.838 0.617] 0.0407| 0.0308 19658 25932] 37.88 0.40 0.1899 14.80 B5.62
1600...3200| 3200 | 1600| 14.49 | 5.506 0.667| 00460 0.0334 34768 47976] 36.21 0.34 0.2052 1237 83.95
' average value 0.171 0.034
log o [-] i
average optimized 0.186
1 10 100 1000 10000 sig o sig &
1.0 4 084 4 0.885
3200 0.3473 3200 035
e0: 0.997
09 - average optimized 0.034
sig e sig e
50 0.54 50 0.54
400 0.5138 400 0.51
08 €0: 0.602
£
=
@
07
08 -
05
0.4 -
0.3
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Oedometer Test

Testaim:

Materialnumber:
Test apparatus:

Comparison of soil stifiness with measurements of Marchetti and Cambridge Dilatometer tests
Probe 3
HIF B 26.1: Oedometer 04 / Zelle 12

3_1 St.Moritz

File name: Probe_3_1.dat Testdate: 18.01.2007
Comments: 4 mm sieved & remoulded - eingestrichen
Measured sample Data: Determined sample data:
initial sample height:  H, 20.00 [mm] density pe 277 [glom]
sample diameler: D 58.40 [mm]
sample area: A 24.98 [em’]
initial sample volume: Vg 49.97 [cm’]
dry sample weight: my 75.3 [g]
sample volume: v, 27.18 [em’]
Test Data:
Loadstepo’ |lacd o' | Ao’ | H ah Jash A, Ac, Mg | MOk [Vieoss e S C, wact sample
from. 4o [kPa] (kPa}] [mm] | [mm] |- [l ] [oni®] | [eiim | fem®) [l [ [l [%] weight [g]
0 20.00 | 0.000 49.97 | 0.84 30.26 98.08
0.4 4 4| 19.23 | 0774 | 0774 0.0403| 0.0387 99 103] 48.03 | 077 27.69 96.15
4..125] 13 85| 1825 | 1.754 | 0980 0.0537| 0.0490 158 173} 45658 | 0.68 | 0.1820 24.44 93.70
125.28] 25 125| 1722 | 2780 | 1.026] 0.0596| 0.0513 210 244 4302 | 058 | 03132 21.03 81.14
25.50] S0 25| 16.81 | 3.189 | 0408 0.0243| 0.0205 1028 1222) 42.00 | 054 | 0.1249 19.67 90.12
50..100] 100 50| 16.30 | 3.698 | 0508 00312 0.0255 1601 1965] 40.73 | 0.50 | 0.1554 17.99 88.84
100...200| 200 100| 15.83 | 4166 | 0468| 0.0296| 0.0234 3383 4274] 3956 | 046 | 01420 16.43 87.67
200...400 400 | 200| 1538 | 4617 | 0451] 00293 0.0228] 6822 8869 3843 | 041 | 0.1377 14.94 88.55
400...200| 200 | -200| 1543 | 4575 | -0.042| -0.0027| -0.0021] 73482 95238] 3854 | 042 0.0128 15.08 86.65
200...100| 100 | -100| 16562 | 4482 | -0.093| -0.0060| -0.0047] 166856 21505] 38.77 | 043 0.0284 15.38 86.88
100...50| 50 -50| 1566 | 4.343 | -0.133| -0.0089| -0.0070 5632 7194] 39412 | 044 0.0424 15.85 87.23
50...100| 100 50| 1558 | 4424 | 0081 00052 0.0041 9615 12346] 38.91 | 043 0.0247 15.58 87.03
100...200[ 200 100| 1547 | 4530 | 0.108| 0.0089| 0.0053] 14594 16868 38.65 | 042 0.0324 15.23 86.76
200...400| 400 | 200| 15.31 | 4686 | 0.156| 0.0102| 00078] 19633 25641f 3826 | 041 0.0476 14.71 86.38
400,800 800 | 400| 14.90 | 5.102 | 0.416] 0.0279) 00208 14325 19231] 37.22 | 037 | 0.1270
800...1600| 1600 | 800| 14.40 | 5598 | 0496 00344 0.0248] 23229 32258] 3598 | 032 | 0.1514 11.68 84.10
1600...3200 3200 | 1600| 13.87 | 6.127 0.529| 0.0381| 0.0265| 41860 80491] 34.66 | 0.27 0.1815 9.93 82.78
i average value | 0.166 | 0.031
log e, []
1 10 100 1000 1000 2Verage 5 °P“"“‘;‘; 7
09 4 orr 4 0.71
3200 0.2844 3200 0.27
e0: 0.800
08¢ average optimized 0.031
sig e sig e
50 0.4 50 0.44
400 0.4108 400 0.41
07 el: 0.492
=
@
05
05
04
03
02
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Oedometer Test

Testaim:

Materialnumber:
Test apparatus:

File name:
Comments:

Comparisen of soil stiffness with measurements of Marchetti and Cambridge Dilatometer tests

Probe 3

HIF B 26.1: Oedometer 05 / Zelie 10

Probe_3_2 dat

Testdate: 18.01.2007

4 mm sieved & remoulded - eingestrichen

Measured sample Data:

Determined sample data:

3 2 St.Moritz

initial sample height:  Ho 20.00 [mm] density % 2.77 [glem’]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [em?)
initial sample volume: Vg 49.97 [om”]
dry sample weight: my 74.73 [g]
sample volume: A 26.98 [cm]
il 45" | B A |AAh B6n M( ey e Ce C, wact sample
kPa]| [mm] | [mm] }i-] [ 1] LA [ 5] I [%] weight [g] |
20.00 | 0.000 0.85 30.76 97.72
0.4 4 4| 19.68 | 0.318 0.319] 0.0162] 0.0160| 247 251] 4917 0.82 20.70 96.92
4..125] 13 8.5| 1861 | 1.382 1.073| 0.0577| 0.0537 147] 1581 46.49 072 0.2008 26.11 94.24
125..25| 25 12.5] 1853 | 1472 0.080| 0.0043| 0.0040 2895 3125§ 46.29 072 0.0246 25.84 94.04
26..50| S0 25| 16.56 | 3442 1.870| 0.1190| 0.0985] 210 2548 4137 0.83 0.6060 19.25 89.12
50...100| 100 50| 16.11 | 3.883 0.451 0.0280| 0.0226| 1786 2217] 40.24 0.49 0.1387 17.76 87.98
100...200| 200 100| 15.65 | 4.3585 0.482| 0.0295| 0.0231 3386 4328] 39.09 045 0.1421 16.20 86.84
200...400] 400 200] 15.19 | 4.810 0.455| 0.0300| 0.0228| 6677 8791] 37.95 041 0.1400 14.68 8570
400...200 200 =200 15.22 | 4.778 | -0.032| -0.0021| -0.0016) 95137 125000) 38.03 0.41 0.0098 14.79 85.78
200...100f 100 -100] 15.31 | 4.681 -0.087| -0.0057| -0.0043 17587 22989) 38.25 042 0.0268 15.08 86.00
100...50] S0 -50| 1543 | 4.571 -0.120| -0.0078| -0.0060) 6429 B333) 38.55 0.43 0.0368 1548 86.30
50...100] 100 50| 15.38 | 4.616 0.045| 0.0029] 0.0023] 17093 22222) 3843 0.42 0.0138 15.33 86.19
100...200| 200 100] 15.28 | 4.721 0.105| 0.0068] 0.0053] 14551 19048} 38.17 0.41 0.0323 14.98 85.92
200...400] 400 200] 15.11 | 4.887 0.166| 0.0110] 0.0083] 18208 24098) 37.76 0.40 0.0511 1442 85.51
400...800| 800 400| 14.70 | 5.301 0.414| 0.0282) 0.0207 14202 19324] 36.72 036 0.1274
800...1600| 1600 800| 14.21 | 5795 0.494| 0.0348| 0.0247| 23004 32389] 3549 0.32 0.1520 11.39 83.24
1600...3200| 3200 | 1600| 13.68 | 6.319 0.524| 0.0383] 0.0262) 41774 610894 34.18 027 0.1812 964 81.93
average value 0.188 0.028
log ' [ =
1 10 100 1000 10000 Average optimized. Q.48
sig e sig e
09 : 4 082 4 or
3200 0.2765 3200 027
el: 0.788
08 average optimized 0.028
L 4 sig e sig e
50 0.43 50 0.43
400 0.4031 400 0.40
07 el: 0476
=
@
08
05
0.4
03
0.2
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Oedometer Test

4 1 St.Moritz

Testaim: Cormparison of soil stifiness with measurements of Marchetti and Cambridge Dilatometer tests
Materialnumber: Probe 4
Test apparatus: HIF B 26.1: Oedometer 01/ Zelle 11
File name: Testdate: 18.01.2007
Comments: 4 mm sieved & remoulded - eingestrichen
Measured sample Data: D i sample data:
linitial sample height:  Hy 20.00 [mm] densily Ps 2.77 [glem’]
isample diameter: D 56.40 [mm]
sample area: A 24.98 [cm]
initial sample volume: Vg 49.97 [em?]
dry sample weight:  my 79.24 [g]
sample volume: V. 28.61 [em’]
Test Data:
Loadstep o’ [laod o’| 40’ | H. | ah [aah  Jag, MO | MOy [Vieus e Ce c, wact | sample
from..to [I_cPs]! [kPa) | (kPa]| [mm] | [mm) |4 (6] 1] khim?] | (kN | [en] [l I [l %) ight
Q 20.00 | 0.000 49,97 0.75 26.96 100.60
0..4 4 4] 19.26 | 0.741 0.741 0.0385] 0.0371 104 108] 48.12 0.68 24.62 98.75
4.125| 13 8.5| 1891 | 1.082 0.351 0.0186| 0.0178 458 484) 47.24 0.65 0.0618 23.51 97.87
12.5.25| 25 12.5) 1841 | 1.593 0.501 0.0272| 0.0251 459 4g8] 45.99 0.61 0.1453 2183 96.62
25..50] 50 25) 17.23 | 2.766 1.173| 0.0681| 0.0587 367 426] 43.06 0.51 0.3403 18.24 93.69
50..100| 100 50] 18.77 | 3.235 0.469| 0.0280] 0.0235 1787 2132) 41.88 046 0.1361 16.76 9252
100...200] 200 100] 18.28 | 3.721 0.486| 00298 0.0243 3350 4115) 4087 0.42 0.1410 1522 91.30
200...400| 400 200| 1578 | 4.217 0.496| 0.0314] 0.0248 6364, BOBSY 39.43 0.38 0.1439 13.66 90.06
400...200] 200 | -200| 1583 | 4.173 | -0.044| -0.0028| -0.0022 71941 90909) 3954 | 0.38 0.0128 13.80 8017
200...100] 100 -100| 1592 | 4.076 | -0.097| -0.0061| -0.0049 16418 20619) 39.78 0.39 0.0281 14.10 8042
100..50 50 -50| 16.06 | 3.941 -0.135| -0.0084] -0.0067 5948 7407} 40.12 0.40 0.0392 14.53 80.75
50...100] 100 50| 16.00 | 4.002 0.061 0.0038] 0.0031 13113 16393] 39.97 0.40 0.0177 14.34 90.60
100...200| 200 100| 15.88 | 4.116 0.114] 00072 0.0057 13933 17544] 39.68 0.39 0.0331 13.98 90.32
200...400| 400 200 16.70 | 4.299 0.183| 0.0117| 0.0092| 17160 218584 39.23 0.37 0.0531 13.40 89.86
400...800| 800 400 1525 | 4.753 0.454| 00298 0.0227 13433 17621 38.09 033 0.1317
800...1600| 1600 800| 14.72 | 5.285 0.532| 0.0362| 0.0266 22128 300754 36.76 029 0.1543 1029 87.40
1600...3200| 3200 | 1600| 14.16 | 5.840 0.555] 0.0392| 0.0278 40822 57658 35.38 024 0.1610 8.54 86.01
—
o Everage value 0.157 0.031
leg o, [1]
1 10 100 1000 10000 3VerREe optimized  0.147
sig e sig e
08 . 4 08B 4 067
3200 0.2253 3200 0.24
i e0; 0.759
average optimized 0.03
07 sig e sig e
50 0.40 50 0.40
400 03748 400 0.38
ed: 0453
0.6
=
@
0.5
0.4 -
0.3
0.2
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Oedometer Test 5_1 St.Moritz

Testaim: Comparisan of soil stiffness with measurements of Marchetti and Cambridge Dilatemeter tests
Materialnumber: Probe 5
Test apparatus: HIF B 26.1: Oedometer 03 / Zelle 13
File name: Probe_5_1.dat Testdate: 18.01.2007
Comments: 4 mm sieved & remoulded - eingeslrichen
Measured sample Data: Determined sample data:
initial sample height:  Hq 20.00 [mm)] density P 277 [gfem]
sample diameter: D 56.40 [mm]
sample area: A 24,98 [em]
initial sample volume: Vj 49.97 [om?]
dry sample weight: my 73.96 [g]
sample volume: v, 26.70 [om’]
Test Data:
Loadstep o’ | laod o* Hact Ah - [Ash Aty Ac, Mg | MOl [Vioran e Ce C. wact sample
from..lo I"Pell [kPa] mm] | [mm] {[-] If] I8 Ni k] | fem® | (] [ i<l [%] | weight
Q0 20.00 | 0.000 49.97 0.87 3148 97.23
0.4 4 4] 19.76 | 0.236 0.236] 0.0118] 0.0118 335 33g] 49.38 0.85 3068 96.64
4.125] 13 8.5] 19.60 | 0.400 0.164| 0.0084) 0.0082] 1016] 1037] 4897 0.83 0.0310 30.11 96.23
125.25] 25 12.5| 19.36 | 0.843 0.243] 0.0126) 0.0122 996 1029] 48.36 0.81 0.0755 29.29 95.62
25.50] 50 25| 16.27 | 3.731 3.088| 0.1898| 0.1544] 132] 162] 4065 0.52 0.9598 18.85 87.80
50...100] 100 50] 15.79 | 4212 0.481 0.0305| 0.0241 1641 2079] 3944 0.48 0.1495 17.23 86.70
100. 200 100| 1528 | 4.725 0.513| 0.0336] 0.0257| 2978 3899) 38.16 0.43 0.1595 15.50 8542
200...400] 400 200| 14.74 | 5260 0.535] 0.0383| 0.0268 5510 7477} 3683 0.38 0.1663 13.69 84.08
400...2000 200 -200| 14.79 | 5210 | -0.050| -0.0034| -0.0025 59160 80000 36.95 0.38 0.01588 13.86 B4.21
200...100] 100 -100| 14.91 | 5.088 | -0.122| -0.0082| -0.0081 12223 16393] 37.25 0.40 0.0379 14.27 84.51
100...50] 50 -50| 15.06 | 4938 | -0.148| -0.0099| -0.0075 5054 6711] 3763 041 0.0463 14.77 84.89
50...100| 100 50| 15.00 | 4.996 0.057| 0.0038| 0.0029 13181 17544] 3748 0.40 0.0177 14.58 B4.74
100...200| 200 100] 14.87 | 5.129 0.133] 0.0089| 0.0066 11181 15038] 37.15 0.39 0.0413 14.13 B4.41
200...400] 400 200] 14.65 | 5.348 0.219] 0.0149| 0.0110 13381 18265) 36.61 0.37 0.0681 13.38 83.87
400...800] 800 400 14.20 | 5.803 0.455] 0.0320] 0.0228 12481 17582) 35.47 0.33 0.1414
800...1600{ 1600 800| 13867 | 6.327 0.524| 0.0383| 0.0262 20875 30534) 34.16 0.28 0.1629 10.08 8142
1600...3200] 3200 | 1600 13.14 | 6.863 0.536| 0.0408| 0.0268 39215] 59701f 32.82 0.23 0.1666 8.27 80.08
laverage value 0.224 0.038
log o, [1]
1 10 100 1000 10000 average optimized 0.16
slg e sig e
0.8 4 085 4 0.7
3200 0.2001 3200 0.24
e0: 0.796
08@ average optlmlzeld 0.035
sig e sig e
004 50 0.41
400 0.3751 400 0.38
07 el 0.469
m
©
086
054
0.4
03
02
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Oedometer Test

Testaim:
Materialnumber:
Test apparatus:
File name:
Comments:

Probe 6

HIF B 26.1: Oedometer 06 / Zelle 14
Probe_6_1.dat
4 mm sieved & remoulded - eingestrichen

Measured sample Data:

Testdate:

Determined sample data:

16.01.2007

6_1 St.Moritz

Comparison of sail stiffness with measurements of Marcietti and Cambridge Dilatometer tests

initial sample height:  He 20.00 [mm) density P 2.77 [glen]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [om?]
initial sample velume: Vg 49.97 [om’]
dry sample weight: my 82.33 [g]
sample volume: V, 29.72 [em’]
Test Data:
Loadstep o’ |lacd o' 4c” | H., Ah  [AAh Ac, Mg | MO [Vioraie e C, wact sample
I 2] k] | pkhm?) | fem® | 1 [ 11 [%] | weight[g]
20.00 | 0.000 49.97 0.68 2459 102.57
0.4] 4 4| 19.80 | 0.204 0.204] 0.0103] 0.0102 388 392] 4946 | 066 2397 102.06
4..125] 13 B8.5| 19.14 | 0.860 0.656] 0.0343| 0.0328 248 259) 47.82 0.61 0.1114 21.98 10043
125..25| 25 125| 1870 | 1.288 | 0438| 0.0234| 0.0219 534/ s71f 4672 | 057 | 01223 20.65 99.33
25..50] S0 25| 18.39 | 1.611 0.313| 0.0170f 0.0157| 1469 1597) 45.84 0.55 0.0874 18.70 ©8.55
50...100] 100 s0| 17.41 | 2588 | 0977 0.0561| 0.0489 891 1024] 43.50 | 046 | 0.2728 18.74 96.11
100...200| 200 100] 16.91 | 3.090 0.502| 0.0297| 0.0251 3368 3984] 42.25 | 042 | 0.1402 15.21 94.85
200...400] 400 200 16.38 | 3.621 0.531 0.0324] 0.0266 6169 7533] 40.92 0.38 0.1483 13.60 93.53
400...200| 200 -200| 1642 | 3.585 | -0.035| -0.0022| -0.0018 91184 111111 41.01 038 0.0101 1371 93.62
200...100] 100 -100| 16.51 | 3.486 | -0.098| -0.0080| -0.0049| 16681 20202) 41.26 039 0.0276 14.01 93.87
-50] 16.66 | 3.339 -0.147| -0.0088) -0.0074 5667 6803] 41.62 0.40 0.0410 14.46 94.23
50| 1661 | 3.391 0.052] 0.0031 0.0026 15970 19231] 41.48 0.40 0.0145 14.30 94.10
100| 16.48 | 3.518 | 0.27| 00077 0.0063] 12978 15748] 41.18 | 0.39 0.0355 1381 93.79
200 1581 | 4.187 0.668| 0.0423] 0.0335 4727 So7e) 39.51 0.00 8233
400|
800| 1526 | 4.741 | 4741| o03107] 02371 2575 3375] 38.12 | 028 10.20 90.73
1600...3200| 3200 | 1600| 14.67 | 5.331 0.590) 0.0402| 0.0295 39780 54237] 36.65 023 0.1847 8.41 89.26
N average value 0.150 0.026
log o []
average optimized 0.158
1 10 100 1000 10000 sig & sig Pt
08 L L 4 066 4 0.69
* 3200 0.2297 3200 023
e0: 0.785
average optimized 0.028
0.7 sig e sig e
50 0.40 50 0.40
400 0.3772 400 0.38
el: 0.448
0.6
=
@
0.5
0.4
0.3
0.2
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Oedometer Test

Testaim:

Materialnumber:
Test apparatus:

File name:
Comments:

Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilatometer tests

Probe 7

HIF B 26.1: Oedometer 05 / Zelle 10
Probe_7_1.dat
4 mm sieved & remoulded - eingestrichen

Measured sample Data:

Testdate: 16.01.2007

Determined sample data:

7_1 St.Moritz

initial sample heighl:  Hg 20.00 [mm] density Ps 2.7 lg/em]
sample diameter: =} 56.40 [mm]
isample area: A 24.98 [cm‘]
initial sample volume: 49.97 [em?]
dry sample weight: my 85.75 [g]
|sample volume: v, 30.96 [cm”]
Ag Hay Ah1a4h ey Aty Mg Mk Mot e C. C, wact sample
tkPa]| [mmi | [mm] |[-] 6] il [k | [k e | (] I 5] (%]
20.00 | 0.000 4997 0.61 2217 104.76
4| 19.99 | 0.015 0.015) 00008 0.0008 5328 5333) 4993 081 22.13 10472
8.5 19.11 | 0.880 0875 00458 0.0438 186| 194] 47.74 0.54 0.1427 19.58 102.54
12.5] 18.74 | 1.257 0367 00195 0.0184 638] 681) 46.83 0.51 0.0984 18.51 10162
il 25| 1835 | 1647 0390 00212f 0.0185 1176 1282] 45.85 0.48 0.1046 17.37 10064
..100| 100 50| 17.55 | 2.450 0803) 00458 0.0402 1083 1245] 4385 0.42 0.2153 15.03 98.64
100...200| 200 100 17.04 | 2.961 0.511 0.0300] 0.0256 3334 3914) 4257 038 0.1370 13.54 97.36
200...400]| 400 200| 1653 | 3475 0514 00311 0.0257 B430 77828 4128 033 0.1378 12.04 96.08
400...200| 200 -200| 16.57 | 3.435 | -0.040| -0.0024| -0.0020| 82825 100000) 41.38 0.34 0.0107 12.18 96.18
200...100| 100 -100| 1667 | 3.328 | -0.107| -0.0064| -0.0054 15681 18692] 41.65 0.35 0.0287 1247 96.45
100...50| 50 -50| 16.82 | 3.178 | -0.150) -0.0088] -0.0075| 5607 6667] 42.03 0.36 0.0402 1291 96.82
§0...100| 100 50| 16,77 | 3.235 | 0.057| 0.0034] 0.0029 14706 17544] 4188 | 035 0.0153 12.74 96.68
100...200| 200 100| 1664 | 3.362 0.127) 00078 0.0084 13101 15748) 41.57 0.34 0.0340 1237 96.36
200...400| 400 | 200| 1644 | 3.584 | 0202 00123 0.0101 16273 19802 41.06 | 0.33 0.0542 11.79 95.86
400...800| 800 400| 15.97 | 4.034 0470 0.02%4| 0.0235 13588 17021 39.89 0.29 0.1260 10.42 9468
800...1600| 1600 | B0O| 1543 | 4571 | 0537| 00348 o0.0268| 22985 29795] 3855 | 025 | 0.1440 885 93.34
1600...3200| 3200 | 1600 14.86 | 5.136 0.565| 00380 0.0283 42083 56637] 37.14 0.20 0.1515 721 91.93
R average value 0.140 0.031
log 0" [
average optimized 0.146
1 10 100 1000 10000 sig & sig -
08 4 081 4 0.625
3200 0.2073 3200 0.20
el: 0.713
& average optimized 0.03
07 sig e sig e
50 038 50 0.38
400 033 400 0.33
20 0.409
0.6
=
@
0.5 -
0.4
03
0.2
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Oedometer Test

8_1 St.Moritz

Testaim: Comparison of soil sliffness with measurements of Marchetti and Cambridge Dilatometer tests
Materiainumber: Probe 8
Test apparatus: HIF B 26.1: Oedometer 03 / Zelle 13
File name: Probe_B_1.dat Testdate: 16.01.2007
Comments: 4 mm sieved & remoulded - eingeslrichen
Measured sample Data: Determined sample data:
initial sample height:  H, 20.00 [mm] density P 2.77 lglem]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [cm?]
initial sample volume: Vi 49.97 [om)
dry sample weight: my 86.3 [g]
sample volume: v, 31.16 [em’]
Test Data:
Loadstep o’ |laod o' Ac” | Ha ah  fadh  lae, A5, MCe | MOl [Vietas e C. (-3 wact sample
f | kPel| [mm] | fmmi {-] 18] G} | fem® | f IE] 11 [%] | weight(g] |
0 20.00 | 0.000 49.97 0.60 21.80 106.11
0.4 4 4] 19.85 | 0.152 0.152| 0.0077| 0.0076 522 526) 49.59 0.58 21.36 104.73
4...12.5] 13 B.5] 18.53 | 0474 0.322| 0.0165] 0.0161 B1E 528) 48.78 0.57 0.0522 2043 103.93
125.25| 25 12.5] 19.16 | 0.B44 0.370] 0.0193| 0.0185 647 B676) 4786 0.54 0.0986 19.35 103.00
25.50 80 25| 18.76 | 1244 0400 0.0213| 0.0200 172 1250] 46.86 0.50 0.1066 18.20 102.00
50...100] 100 50| 18.07 | 1.935 0.681 0.0383| 0.0348 1307 1447 4513 0.45 0.1841 16.20 100.28
100...200] 200 100| 17.39 | 2.606 0.671 0.0386] 0.0336 2592 2081) 4346 038 01787 14.25 98.80
200...400 400 200| 16.81 | 3.180 0.584| 0.0347| 0.0292 6757 6849) 42.00 0.35 0.1588 12.56 97.14
400...200| 200 -200| 16.86 | 3.143 | -0.047| -0.0028| -0.0024 71732 85106) 42.11 0.35 0.0125 12.70 97.26
200...100] 100 -100| 16.97 | 3.034 -0.108| -0.0084| -0.0055 15565 18349) 42.39 0.36 0.0290 13.01 97.53
100...50] 50 -50| 17.11 | 2.888 | -0.146| -0.0085| -0.0073 5860 6848 42.75 037 0.0389 13.44 97.90
50...100] 100 50| 17.06 | 2.843 0.055| 0.0032| 0.0028 15506 18182 42.61 0.37 0.0147 13.28 §7.76
100...200f 200 100| 16.93 | 3.071 0.128| 0.0078| 0.0064 13226 15625 42.29 0.38 0.0341 1281 97.44
200...400] 400 200| 1672 | 3.281 0.210) 00126 0.0105 15923 19048} 41.77 0.34 0.0558 12.30 96.91
400...800| 800 400] 16.21 | 3.786 0.505| 0.0311 0.0253 12843 15842) 40.51 0.30 0.1345 10.84 95.65
800...1600] 1800 800| 1565 | 4.347 0.561 0.0358| 0.0281 22322 285204 39.11 0.26 0.1494 921 94.25
1600...3200{ 3200 | 1600| 15.07 | 4.830 0.583| 0.0387| 0.0282) 41358 54889 37.65 0.21 0.1553 7.53 92.79
-
laverage value 0.135 0.031
log o' []
1 10 100 1000 10000  2Verage oghisitoes,  [D:150
sig e sig e
0.8 4 0.59 4 0.685
3200 0.1997 3200 021
* e0: 0.759
average optimized 0.03
0.7 sig e sig e
50 0.37 50 037
400 0.3443 400 035
eo: 0.423
08
=
@
05
0.4
03
02
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Oedometer Test

Testaim:

Materialnumber:
Test apparatus:

File name:
Comments:

Probe 8
HIF B 26.1: Oedometer 04 / Zelle 12
Probe_8_2.dat

8_2 St.Moritz

Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilalometer tests

Testdate: 16.01.2007

4 mm sieved & remoulded - eingestrichen

Measured sample Data:

Determined sample data:

initial sample height:  Hy 20.00 [mm] density pe 277 [gfem]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [em’]
initial sample volume: Vg 49.97 [om?)
dry sample weight:  my 86.07 [g]
sample volume: A 31.07 [em?]
Test Data:
Loadsiepo |@od o | Ao° | Huy | 40 [68h  Jae, Ac, MO | MOew Vit e (i (<% wact sample
from..to [kPa]l [kPa] | (kPa]| [mm] | {mm] |[-] Il KN ) | fem®) | [ [ Il [%] | wei
] 20.00 | 0.000 4997 | 0.61 21.95 104.96
0.4 4 4| 1992 | 0.083 | 0083 00042 0.0042 960 964 49.76 | 0.60 2171 104.76
4..125] 13 85| 19.53 | 0468 | 0.385| 00197| 0.0183 431 442] 4880 | 057 | 0.0826 20.59 103.78
125.25] 25 | 12| 19.12 | 0885 | 0.417] 00218 0.0209 573 soof 4776 | 054 | 01114 19.38 102.75
25..50| 50 25| 18.80 | 1.197 | 0312 o00166] 0.0156 1507| 1603] 4698 | 051 | 0.0833 18.48 101.97
50... 100 so| 1807 | 1.928 | 0731 0.0404] 0.0388 1236 138} 45.15 | 0.45 | 0.1952 16.36 100.15
100.... 200 | 100 17.53 | 2486 | 0.538| 00307| 00269 3259 3r17| 4381 | 041 | 0.1437 14.79 98,80
200... 400 | z2o00| 17.02 | 2981 | 0515| 00303 0.0258 8608 7767) 4252 | 037 | 0.1376 13.30 97.62
400. 200 | -200| 17.07 | 2933 | -0.048| -00028| -0.0024| 71112] 83333 4264 | 0.37 00128 | 13.44 97.64
200 100 | -100| 17.47 | 2.828 | -0.106| -0.0061| -0.0053] 16354 1g048] 42.90 | 038 00280 | 1374 97.80
100..50] 50 -50| 17.34 | 2858 | -0.172| -0.0099| -0.0086 5042 s814] 4333 | 0.38 00459 | 14.24 98.33
50...100| 100 50| 17.26 | 2741 | 0.085| 00049 00043] 10152 1765) 43.12 | 038 0.0227 | 14.00 98.12
100...200] 200 | 1oo| 17.13 | 2866 | ©0.125| 00073 0.0083) 13707 16000] 4281 | 038 0.0334 1363 97.80
200..400| 400 | 200| 16.94 | 3064 | o0.188] 0.0117| o00098| 17107| 20202) 4231 | 0.36 0.0529 13.06 97.31
400..800| 800 | 400| 16.47 | 3532 | o0.488| o0.0284| 0.0234| 14075 17084 41.14 | 032 | 04250 11.70 96.14
800...1600| 1600 | 800| 1593 | 4071 | 0539 00338 00270| 23642| 20685] 39.80 | 0.28 | 0.1440 10.14 94.79
1600...3200| 3200 | 1600| 15.35 | 4648 | 0.577) 00376 0.0289| 42571 55459] 38.35 | 023 | 0.1541 8.46 93.35
veral I 0.129 Ulﬁ
|ng ov' [-] uﬂ value
1 10 100 1000 10000 verEEe optinizal, 0444
sig e sig e
08 4 060 4 0.855
3200 0.2282 3200 0.24
3 el: 0.742
average optimized 0.033
07 sig e sig e
60 038 50 0.39
400 0.3651 400 0.36
e0: 0.451
06
=
@
0.5
0.4
03
02
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Oedometer Test

9 1 St.Moritz

Testaim: Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilatometer tests
Materialnumber: Probe 9
Test apparatus: HIF B 26.1: Oedometer 01/ Zelle 11
File name: Probe_9_1.dat Testdate: 16.01.2007
Comments: 4 mm sieved & remoulded - eingestrichen
Measured sample Data: Determined sample data:
initial sample height:  Hy 20.00 [mm] density be 2.7 lglom]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [em’]
initial sample volume: V 49,97 [em?
dry sample weight: my 79.52 [g]
sample volume: v, 28.71 [em’]
Test Data:
Loadsiepa |lacd '] Ao | H, ah |aah  Jae, MO | MO |Viscaie e B (3 wac | sample
from..to [kPa]| [kPa] | [kPal| [mm] | [mm] |i- 1) LA crr) | [ [ 1 [Q_L&uﬂ_
0 20.00 | 0.000 48.97 0.74 26.73 100.78
0...4 4 4| 1950 | 0.505 0.505| 0.0259| 0.0253 154] 158] 48.70 0.70 2515 99.52
4..125] 13 8.5] 18.90 | 1.086 0.591 0.0313| 0.0296 272 288] 47.23 0.65 0.103¢ 2328 98.04
12.6..25¢ 25 12.5] 18.70 | 1.302 0206| ©.0110] 0.0103 1135] 1214 46.71 0.63 0.0596 2264 97.53
25..50] 50 25| 18.29 | 1.706 0.404] 00221 0.0202 1132 1238} 4570 0.59 0.1168 2137 96.52
50..100] 100 50| 18.09 | 1.806 0.200] 90.0111 0.0100 4524 5000] 45.20 0.57 0.0578 2075 96.02
100...200| 200 100| 16.55 | 3.448 1.542| 0.0932] 00771 1073 1297) 41.35 0.44 0.4458 15.90 92.16
200...400| 400 200 15.99 | 4.013 0.565| 0.0353| 0.0283 5659 7080Q 39.94 0.39 0.1833 14.13 90.75
400...800| 800 400| 1540 | 4.805 0.592| 0.0385| 0.0296| 10402 13514) 3846 0.34 01711 1227 89.27
800...400| 400 -400| 15.44 | 4556 | -0.049| -0.0032| -0.0025| 126073 1632650 38.58 034 0.0142 1242 89.40
400...200| 200 -200| 15.56 | 4443 | -0.113] -0.0073| -0.0057 27535 35398) 38.87 035 0.0327 12.78 89.68
200...100( 100 -100| 15.71 | 4.288 | -0.155| -0.0099| -0.0077 10137 12803] 39.25 0.3y 0.0448 13.26 80.07
100...200| 200 100] 15.68 | 4.345 0.057| 0.0038| 0.0028 27465 35088] 38.11 0.38 0.0165 13.08 89.92
200...400| 400 200] 15.52 | 4.480 0.135| 0.0087| 0.0068| 22993 29630) 3877 035 0.03%0 12.66 89.59
400...800| 800 400) 1528 | 4.711 0.231] 0.0151| 0.011§] 26474 34632] 3820 | 0.33 0.0668 11.93 89.01
800...1600} 1600 800] 14.75 | 5.248 0.537| 0.0364| 0.0269| 21977 29795) 36.86 028 0.1552 10.25 87.67
1600...3200 3200 | 1600| 14.15 | 5.849 0.801 0.0425| 0.0301] 37673 53245] 35.35 023 01737 8.36 86.17
laverage value 0.161 0.036
log o [-] T -
1 10 100 1000 10000 vorEe optimized 0187
sig e sig e
09 4 070 0.725
3200 0.2287 3200 0.24
e0: 0.826
L
0.8 average optimized 0.034
sig e sig e
100 0.37 100 037
800 0.3352 800 0.34
0.7 - e0: 0.435
-
@
06 -
0.5
0.4
0.3
0.2
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Oedometer Test

Testaim:

Materialnumber:

Test apparatus:
File name:
Comments:

Comparison of sail stifiness with measurements of Marchetti and Cambridge Dilatometer tests

Probe 9

HIF B 26.1: Oedometer 02 / Zelle 09
Probe_9_2.dat
4 mm sieved & remoulded - eingestrichen

Measured sample Data:

Testdate: 16.01.2007

Determined sample data:

9 2 St.Moritz

initial sample height:  Hg 20,00 [mm] density b 277 [glem’]
sample diameter: D 56.40 [mm]
sample area: A 24,98 [em?]
initial sample volume: V, 45.57 [om’]
dry sample weight: my 79.55 [g]
sample volume: Ve 28.72 [em’]
Test Data:
&h  |Aah Ag,, Ae, M()egy Moy [Viotast e {5 Ce wact sample
| (mm] |- ic] ] i) | (i) | fom® | [ €] [l %] | wei
0 20.00 | 0.000 4987 | 074 26.71 100.80
0.4] 4 4| 19.36 | 0645 | 0.645| 00333 0.0323 120 124] 4835 | o068 24.68 99.19
4..125] 13 85| 1897 | 1032 | 0387| 00204 00194 417 439] 47.39 | 065 | 0.0680 2347 98.22
125.25] 25 | 12.5] 1835 | 1649 | 0617 00336 0.0309 arz 405] 45.85 | 0.60 | 0.1783 21.53 96.68
25..50] 50 25 17.69 | 2310 | 0661 0.0374] 0.0331 869 756] 44.20 | 0.54 | 0.1910 19.46 95.03
50..100) 100 so| 17.15 | 2.846 | 0536 0.0312| 0.0268 1600 1866] 42.86 | 049 | 0.1549 17.77 93.89
100...200] 200 | 100| 1681 | 3390 | 0544 00328 0.0272 3053 3676] 41.50 | 044 | 04872 16.06 9233
200..400| 400 | 200| 16.04 | 365 | 05675| 00359 0.0288 5577 s957] 4006 | 039 | 0.1862 1426 90.89
400...800| @00 | 400| 1545 | 4.553 | 0588 00381 0.0284] 10508 13605] 3859 | 034 | 0.1608 12.41 89.42
800..400] 400 | <oo0| 1550 | 4.503 | -0.050| -00032| -0.0025| 123876| 160000] 3872 | 0.35 00144 | 12567 89.55
400..200] 200 | -200| 1561 | 4.391 | -0.112| -00072| -0.00s6| 27873| 35714 39.00 | 0.36 00324 | 1292 89.83
200...100| 100 | -100| 15.77 | 4.233 | -0.158| -0.0100| -0.0078 go79|  12658] 3939 | 037 00457 | 13.42 90.22
100...200] 200 | 100| 1572 | 4.284 | 0.051| opo32| 00028 30816|  39216f 3926 | 0.37 00147 | 1326 90.10
200..400| 400 | 200| 1557 | 4426 | 0.142| o0o0091| 00071| 21935 28169 3881 | 0.35 00410 | 1281 89.74
400..800] @00 | 400| 1534 | 4658 | 0232| 00151 00116| 26452 34483 3833 | 033 00670 | 1208 89.16
800...1600| 1800 | s00| 1482 | 5477 | 0.518| 00350 0.0260| 22845  30s29) 37.03 | 028 | 0.1500 1045 87.86
1600...3200| 3200 | 1600| 14.24 | 5762 | 0.585| 0.0411] 00293 38942| 54701] 3557 | 024 | 0.1691 8.61 86.40
average value 0.156 0.036
log &, []
1 10 100 1000 1000 TeREe °"“’“";: o1%
0.8 4 068 4 0.725
3200 0.2307 3200 024
L J <0, 0.826
08 average optimized 0.034
sig e sig e
100 037 100 0.37
800 0.3392 800 034
07 e0: 0.440
m
>
0.6
0.5
0.4 -
03-
02
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Oedometer Test

Test apparatus:

File name: Probe_10_1.dat

HIF B 26.1: Oedometer 04 / Zelle 14

Testdate: 11.01.2007

10_1 St.Moritz

Testaim: Comparison of sail stiffness with measurements of Marchetti and Cambridge Dilatomeler tests
Materialnumber: Probe 10

Comments: 4 mm sieved & remoulded - eingestrichen
Measured sample Data: Determined sample data:
initial sample height:  Ho 20.00 (mm] density b 277 [glem]
sample diameter: D 56.40 [mm]
sample area: A 24.98 o)
initial sample volume: Vg 48.97 [cm31
dry sample weight: my 76.97 [g]
sample volume: Ve 27.79 [er]
Loadstep o’ | laod o” Hact An |Ash M(Jewy | Mo [Viosas e Ce c, wact | sample
mm) | (mm] 14 1l [ | G | fem’) | F] 8] &
20.00 | 0.000 49.97 0.80 28.82 99.15
1854 | 1.464 1.464| 00780 0.0732 51 554 46.31 0.67 2406 9549
1766 | 2.338 0.872| 0.0494] 0.0435 172 1954 44.13 0.58 0.1584 2123 93.31
125.25] 256 125 17.30 | 2703 0.367| 0.0212] 0.0184 589 681] 43.21 0.56 0.1086 20.04 82.40
25.50] S0 25| 17.23 | 2.766 0.063] 0.0037| 0.0032] 6838 7937] 43.06 055 0.0188 19.84 92.24
100| 100 50| 15.58 | 4.422 1.656| 0.1083| 0.0828| 470 604) 38.92 0.40 0.4946 14.46 88.10
200 200 100| 15.03 | 4.971 0.549| 0.0365| 0.0275 2738 3843) 37.56 035 0.1640 1268 86.73
400| 400 200| 14.49 | 5.508 0.537| 0.0371 0.0269| 5397| 7449 38.21 0.30 0.1604 10.84 85.38
200 200 -200| 14.54 | 5462 | -0.046| -0.0032| -0.0023 63209 869574 36.32 031 0.0137 11.09 85.50
...100] 100 -100| 14.64 | 5358 | -0.104] -0.0071| -0.0052 14079 19231] 368.58 032 0.0311 11.42 85.76
501 S0 -50| 14.79 | 5208 | -0.150| -0.0101] -0.0075) 4931 6667] 36.96 033 0.0448 11.91 86.14
...100| 100 50| 14.73 | 6.274 0.086| 0.0045| 0.0033 11156 15152] 36.79 032 0.0197 11.70 85.97
...200] 200 100] 14.80 | 5.403 0.129| 0.0088| 0.0064| 11318 15504] 36.47 031 0.0385 11.28 85.65
...4001 400 200] 14.41 | 5591 0.188| 0.0130| 0.0094| 15329 21277] 36.00 0.30 0.0562 10.67 85.18
800| 800 400| 13.95 | 6.049 0.458| 0.0328| 0.0229 12184 17467 34.85 0.25 0.1368 9.18 84.04
800...1600| 1600 800| 13.44 | 6.561 0.512| 0.0381 0.0256) 20998 31250) 33.57 0.21 0.1529 7.52 82.76
1600...3200| 3200 | 1600| 12.92 | 7.076 0,515 0.0388] 0.0258] 40152 B82136) 32.29 016 0.1538 5.85 81.47
laverage value 0.172 0.034
log oy’ []
1 10 100 1000 10000 2verage omlmlze_d 0.158
sig e sig e
08 4 067 4 062
3200 0.1668 3200 0.16
el: 0,715
L 4
0.7 average optimized 0.034
sig B sig e
50 033 50 0.33
400 0.2892 400 0.30
06 - el: 0.388
=
@
0.5
0.4
03
0.2
0.1
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Oedometer Test 10_2 St.Moritz

Testaim: Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilatometer tests
Materialnumber: Probe 10
Test apparatus: HIF B 26.1: Oedometer 05/ Zelle 13
File name: Probe_10_2.dat Testdate: 11.01.2007
Comments: 4 mm sieved & remoulded - eingestrichen
sample Data: Determined sample data:
initial sample height:  Hy 20.00 [mm) [density P 2.77 [gfem’]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [cm]
initial sample volume: Vy 49.97 [em’]
dry sample weight:  my 76.58 [g]
sample volume: V, 27.65 [em]
Test Data:
Loadstep o’ [lacd o' 40" | Ha Ah  |Aah A, Ac, MO | MOy [Viows e C, G wact sample
Pa] | [kPa]| [mm] | [mm] |- [ 18] ki) | (kN | fer) | [ Ic| I [%] | weight[g]
0 20.00 | 0.000 49.97 0.81 29.15 98.90
0..4 4 4| 19.52 | 0.485 0.485| 0.0248| 0.0243) 161 165] 48.75 0.76 27.56 97.69
4..125] 13 8.5| 19.38 | 0.624 0.138] 0.0072| 0.0070 1185 1223} 48.41 0.78 0.0254 27.11 97.34
125.25 25 12.5] 18.84 | 1.056 0.432| 0.0228| 0.0218 548 579 47.33 on 0.1297 25.70 96.26
26..501 S0 25| 17.19 | 2815 1.759] 0.1024] 0.0880 244 284) 42.93 0.55 0.5280 19.96 91.87
50...100 100 50| 16.60 | 3.404 0.588| 0.0355| 0.0295) 1408 1698) 41.46 0.50 0.1768 18.04 90.40
100...200f 200 100] 16.00 | 3.997 0.593| 0.0371 0.0297 2699 3373) 39.98 0.45 0.1780 16.11 88.91
200...400f 400 200| 15.42 | 4.581 0.584| 0.037%| 0.0292 5280 6849) 38.52 0.38 01753 14.20 87.46
400...200f 200 -200| 1546 | 4542 | -0.039] -0.0025%| -0.0020 79272 102564% 38.62 0.40 0.0117 14.33 87.55
200...100f 100 -100] 15.57 | 4.429 | -0.113| -0.0073| -0.0056 13780 17699] 38.80 0.41 0.0338 14.70 87.84
100...50] 50 -50| 15,72 | 4277 | -0.152] -0.0097| -0.0076 5172 6579 39.28 0.42 0.0456 15.19 88.21
50...100f 100 50| 15.66 | 4.336 0.059 0.0038] 0.0030 13275 16949) 39.13 0.42 0.0177 15.00 88.07
100..200] 200 | 100| 1554 | 4465 | 0.129| 00083 0.0064] 12043 15504f 38.81 | 0.40 0.0387 14.58 87.75
200...400| 400 200| 15.33 | 4.666 0.201 0.0131 0.0101 15258 18900} 38.31 0.39 0.0803 13.92 87.24
400...800| B8O 400
800...1600] 1600 | 800
1800...3200] 3200 | 1600
e
laverage value 0.202 0.035
log &, [ -
f 10 100 1000 averag; : optlmu;: 0.11:
0.8 4 078 4 0.745
400 0.3591 400 0.39
L 3 e0: 0.851
average optimized 0.034
0.8 sig e sig e
50 0.42 50 0.42
400 0.3895 400 039
eQ: 0479
0.7
T
©
06
0.5
0.4
0.3
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Oedometer Test

Testaim:

Materialnumber:
Test apparatus:

File name:
Comments:

Probe 13

HIF B 26.1: Oedometer 01 / Zelle 11
Probe_13_1.dat
remoulded - eingestrichen

Measured sample Data:

Testdate:

Determined sample data:

11.01.2007

13_1 St.Moritz

Comparison of soll stiffness with measurements of Marchelti and Cambridge Dilatometer tests.

initial sample height:  Hg 20.00 [mm] density 0. 2.77 [gfem’]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [cmz]
initial sample volume: Vg 48.97 [em]
dry sample weight:  my 84.57 [g]
sample volume: Ve 30.53 [cmﬂ
laodo’'| 40" | Haa Ah - JAAh A, Ac, Mg | Msw Vi e C. C, wact sample
Pa) | [kPa]| [mm] | [mm) Ji] 18] 11 /) | Gim?] | for®) | [ icl el %] L
o 20.00 | 0.000 49.97 0.64 2298 104.01
0..4 4 4] 20.00 | 0.000 0.000] 0.0000| 0.0000| #DIV/O! #DIV/OI) 40.97 0.64 2298 104.01
4..125] 13 85| 18.76 | 0.245 0.245| 0.0124] 0.0123 685 694} 4935 0.62 0.0405 2226 103.39
12.5..25] 25 12.5] 19.63 | 0.370 0.125| 0.0084| 0.0083 1963 2000 49.04 0.61 0.0340 2189 103.08
25..50| 50 25| 1949 | 0515 0.145| 0.0074] 0.0073 3358 3448) 4868 0.58 0.03%4 2146 102.72
50...100] 100 50| 19.08 | 0.817 0.402| 0.0211 0.0201 2374 2488} 4788 0.56 0.1083 2027 101.71
100...200] 200 100] 18.78 | 1.222 0.305| 0.0162| 0.0153 6157 B6557) 46.91 0.54 0.0829 19.37 100.85
200...400f 400 200| 18.26 | 1.742 0.520| 0.0285| 0.0260 7022 7692f 4581 0.49 0.1414 17.84 99.65
400...200| 200 -200| 1827 | 1729 | -0.013] -0.0007| -0.0006] 281092 307692) 4565 0.50 0.0035 17.87 99.69
200...100] 100 -100| 18.31 | 1686 | -0.043| -0.0023| -0.0022 42581 46512 45.75 0.50 00117 18.00 99.79
100...50] S0 -50| 18.41 | 1580 | -0.096| -0.0052| -0.0048 9589 10417} 4599 0.51 0.0261 18.28 100.03
50...100] 100 50| 18.38 | 1.621 0.031 0.0017| 0.0018| 29644 32258) 45.92 0.50 0.0084 18.19 99.96
100...200| 200 100| 18.32 | 1682 0.081 0.0033| 0.0031 30030 32767) 45.76 0.50 0.0166 18.01 99.80
200...400| 400 200| 18.20 | 1.804 0.122| 0.0067| 0.0061 29830 32787) 4546 0.48 0.0332 17.65 99.50
400...800] 800 400| 17.60 | 2.405 0.601 0.0342| 0.0301 11710 13311) 43.96 0.44 0.1634 15.88 98.00
800...1600| 1600 800| 17.01 | 2.882 0.587| 0.0345| 0.0294 23180 27257) 42.49 0.39 0.1586 14.14 96.53
1600...3200| 3200 | 1600| 16.51 | 3.484 0.502| 0.0304] 0.0251 52609 B63745) 41.24 0.35 0.1385 12.66 95.28
. laverage value 0.101 0.017
log o' [
average optimized 0.155
1 10 100 1000 10000 sig & sig %
0.9 4 0.64 4 0.8
3200 0.3441 3200 0.35
el: 0.893
average optimized 0.017
08 sig e sig e
50 051 50 0.51
400 048915 400 0.49
ed: 0.535
0.7
=
o
06
05
04
03
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Oedometer Test

Testaim:

Materialnumber:
Test apparatus:

File name:
Comments:

Probe 13

HIF B 26.1: Oedometer 02 / Zelle 09

Probe_13_2.dat

remoulded - eingestrichen

Measured sample Data:

Determined sample data:

Testdate: 11.01.2007

13_2 St.Moritz

Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilatomeler tests

initial sample height:  Hyg 20.00 [mm] density Ps 2.77 [glem’]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [u‘n‘]
initial sample volume: V, 49,97 [em?]
dry sample weight:  my 87.11 [g]
sample volume: Ve 31.45 [cm’]
Haey ah |Adh - fAe, MO | MOl |Viotake L Ce C. wacl sample
mm] |[-] [-) ] [k | [kNm®) | fem] | O[] [ I %] | weightfg] |
20.00 | 0.000 49.97 0.59 2126 105.63
4 1949 | 0.514 | 0514 0.0264| 0.0257 152 158] 4868 | 0.55 19.78 104.34
4..125) 13 8.5] 19.19 | 0.812 0.268] 0.01585| 0.0148 547 570) 47.94 0.52 0.0478 18.83 103.60
125.25] 25 12.5| 19.02 | 0.978 0.166] 0.0087| 0.0083 1432 1506) 47.52 | 0.51 0.0438 18.45 103.19
25..50) 50 25| 18.76 | 1.238 0.260] 0.0138| 0.0130 1804 1923) 46.87 0.49 0.0686 17.71 102.54
50...100] 100 50| 18.36 | 1.845 0.407] 00222 0.0204 2255 2457) 45.86 0.46 0.1074 16.54 101.52
100...200] 200 100] 17.99 | 2.013 0.368] 0.0205| 0.0184 4888 5435] 44.94 0.43 0.0871 15.48 100.60
200...400| 400 200| 17.87 | 2.332 0.318] 0.0181 0.0160 11077 12539) 44.14 0.40 0.0842 14.57 $9.80
400...200] 200 -200f 17.68 | 2.321 -0.011] -0.0006| -0.0005| 321438 363636) 44.17 0.40 0.0029 14.60 89.83
200...100] 100 -100f 17.73 | 2269 | -0.052| -0.0028| -0.0026 34098 38462] 44.30 0.41 0.0137 14.75 99.96
100...50) S0 -50) 17.81 | 2.194 -0.075] -0.0042| -0.0038 11871 13333) 44.49 0.41 0.0188 14.97 100.15
50...100] 100 50] 17.78 | 2.215 0.021 0.0012] 0.0011 42345 47619] 44.43 041 0.0055 14.91 100.09
100...200f 200 100] 17.73 | 2.272 0.057] 0.0032| 0.0029 31102 35088] 44.29 041 0.0150 14.74 99.95
200...400| 400 200 17.84 | 2.384 0.082] 0.0052| 0.0046 38339 43478) 44.06 0.40 0.0243 14.48 99.72
400...800] 800 400| 17.26 | 2.740 0.376] 0.0218| 0.0188 18362 21277] 4312 0.37 0.0992 13.40 98.78
800...1600] 1600 800| 16.85 | 3.154 0.414] 0.0246| 0.0207 32553 38647 42.09 0.34 0.1083 12.21 9775
1600...3200] 3200 | 1600 16.40 | 3.597 0.443] 0.0270| 0.0222 59243 72235] 40.98 0.30 0.1189 10.84 96.64
javerage value 0.086 0.014
log o," [] average optimized 0.11
1 10 100 1000 10000 sig e sig e
07 - 4 0.55 4 0862
¢ 3200 0.2983 3200 030
el: 0.688
average optimized 0.014
sig e sig ]
50 0.41 50 041
D8 400 04023 a0 040
e0; 0438
=
® o0s
04
0.3
02
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Oedometer Test

13_3 St.Moritz

Testaim: Comparison of sail stiffness with measurements of Marchetti and Cambridge Dilatometer tests
Materiainumber: Probe 13
Test apparatus: HIF B 26.1: Oedomeler 03/ Zelle 12
File name: Probe_13_3.dat Testdate: 11.01.2007
Comments: remoulded - eingestrichen
Measured sample Data: sample data:
initial sample height:  Hg 20.00 [mm] density Pe 2.77 [glem’]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [em]
initial sample volume: Vp 49,97 [cm?]
dry sample weight: my 84.85 [g]
sample volume: v, 30,63 [em’]
Ah1AAR LAe, s MO | MOl [Viowss e C. C. wact | sample
| mm] {I-] Il el MJ | knim®) § ofom® | [ [l 1] % |
0 20.00 | 0.000 49.97 0.63 22.79 104.18
4 4] 19.08 | 0.825 0.925] 00485 0.0463 82 86] 47.66 0.56 20.08 101.87
e 13 8.5] 18,69 | 1.308 0.383] 0.0205| 0.0182 415 444} 46.70 0.52 0.0831 18.94 100.82
125..25) 25 12.5] 1843 | 1.568 0.261 0.0142] 0.0131 BB3 a58] 46.05 0.50 0.0707 18.17 100.26
26..50) &0 25] 18.16 | 1.840 0.271 0.0148] 0.0136 1675 1845) 45.37 0.48 0.0734 17.37 98.59
50..100] 100 50| 1782 | 2.181 0.341 0.0191 0.0171 2613 2933) 4452 045 0.0824 18.37 9874
100...200] 200 100] 17.46 | 2.543 0.362] 0.0207| 0.0181 4822 55258 43.61 0.42 0.0981 156.30 §7.83
200...400| 400 200 17.08 | 2820 | 0.377] 0.0221| 0.0189) 9061 10610] 42,67 | 0.39 | 0.1021 14.19 96.89
400...200] 200 -200| 17.10 | 2.896 | -0.024] -0.0014| -0.0012] 142533 166667) 42.73 0.39 0.0065 14.26 96.95
200...100] 100 -100) 17.17 | 2.826 | -0.070] -0.0041| -0.0035 24534 28571] 42.91 0.40 0.0190 14.47 9712
100...50] 50 -50| 17.27 | 2733 | -0.083] -0.0054| -0.0047 9283 10753) 43.14 0.41 0.0252 14.74 97.36
£0...100 100 50 17.22 | 2779 0.046] 0.0027| 0.0023 18718 2173g] 43.02 0.40 0.0125 14.60 a7.24
100...200| 200 100f 17.15 | 2.851 0.072] 0.0042| 0.0038 23818 27778) 42.84 0.40 0.0195 14.39 97.08
200...400| 400 | 200| 17.05 | 2947 | o0.098] 00056 0.0048| 35527 41667 4260 | 0.39 0.0260 14.11 96.82
400...800| 800 400| 16.72 | 3.285 0.338] 0.0202| 0.0168 19781 23669 41.76 0.36 0.0916 13.11 95.98
800...1600] 1600 | 800| 16.31 | 3.693 | 0.408| 0.0250| 0.0204] 31975 39216] 40.74 | 0.33 | 0.1105 11.91 94.96
1600...3200| 3200 | 1600| 15.86 | 4.137 0.444| 0.0280| 0.0222 57164 72072) 3963 | 0.29 | 0.1203 10.61 93.85
of -1.00 -36.10108| 54.218231
of -1.00 -36.10108] 54 218231
average value 0.091 0.018
log o, [-] 5
1 10 100 1000 1 et 04
07 2 4 056 4 061
FS 3200 0.2905 3200 0.29
«0: 0.676
average optimized 0.018
sig e sig b
05 50 041 50 0.41
400 0.3919 400 0.39
el: 0.438
=
? 0s-
0.4
0.3 4
0.2
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Oedometer Test

Testaim:

Materialnumber:
Test apparatus:

File name:
‘Comments:

Measured sample Data:

Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilatometer tests
Probe 13

HIF B 26.1: Oedometer 03 / Zelle 14

Probe_13_4.dat Testdate: 14,02.2007

4 mm sieved & remoulded - eingestrichen

Determined sample data:

sample volume:

initial sample volume:
dry sample weight:

initial sample height:  Hy 20.00 [mm] density Pa 2.77 [glem’]
sample diameter: D 58.40 [mm]
sample area: A 24.98 [em’)

Vg 49.97 [om?]
my 82.29 [g]
v, 29.71 [em’]

13_4 St.Moritz

Test Data:
Loadstep o | lacd o’| Ao’ Hat ah  |AAh Ag, Ag, My Moy [Viotait e C. €, wact sample
from. to [kPa]| [kPa] | [kPa]] [mm) | (mm] ||-) ol 18] Jkninr) | ki) | fen) § [l r] ight
0 20.00 | 0.000 4997 | 068 24.62 102.55
0...4 4 4| 19.80 | 0.397 0.397| 0.0203| 0.0198 198| 202) 48.87 0.65 23.41 101.56
4.125] 13 8.5] 19.29 | 0.706 0.308| 0.0160] 0.0155 531 550) 48.20 0.62 0.0525 2248 100.79
12.5..25) 25 12.5| 18.90 | 1.099 0.383| 0.0208] 0.0197 801 636} 47.22 0.59 0.1098 2128 99.80
25..500 50 25| 18.34 | 1.658 0.560| 0.0305| 0.0280 819 893} 45.82 0.54 0.1564 19.58 98.40
60..100] 100 50| 17.95 | 2.054 0.395| 0.0220] 0.0198 2272 2532 4483 | 051 0.1103 18.38 97.42
100...200] 200 100] 17.59 | 2.410 0.356| 0.0202] 0.0178 4941 5618 43.95 0.48 0.0885 17.30 96.53
200...400| 400 200| 17.21 | 2.793 0.383] 0.0223] 0.0182] 8085 10444] 4299 | 045 | 0.1070 16.14 85.57
400...200| 200 -200| 17.23 | 2773 | -0.020| -0.0012| -0.0010) 172270 2000004 43.04 0.45 0.0058 16.20 95.62
200...100| 100 -i00| 17.29 | 2715 | -0.058| -0.0034] -0.0029 29802 344834 43.18 045 0.0162 16.38 95.77
100...50] 50 -50| 17.36 | 2843 | -0.072| -0.0041]| -0.0035| 12053 13889) 43.36 0.46 0.0201 16.59 95.85
50...100| 100 50| 17.34 | 2661 0.018| 0.0010] 0.0009 48164 555564 43.32 0.48 0.0050 16.54 95.90
100...200| 200 100| 17.28 | 2.725 0.064| 0.0037| 0.0032 26992 31250) 43.18 0.45 0.0178 16.35 95.74
200...400| 400 200| 17.18 | 2.826 0.100] 0.0058| 0.0050] 34350 40000 42.91 0.44 0.0279 16.04 95.49
400..800| 800 400| 16.82 | 3.184 0.358] 0.0213] 0.0180] 18736 22284) 4201 0.41 0.1003
800...1600| 1600 800| 16.38 | 3.625 0.441 0.0269| 0.0221 29705 36281 4091 0.38 01232 13.61 93.48
1600...3200| 3200 | 1600| 15.90 | 4.103 0478] 0.0301] 0.0239 53212 66946] 38.72 0.34 0.1335 12.18 92.30
.z average value 0.110 0.015
log o," [] e
average optimized 0.115
1 10 100 1000 10000 = i i %
08 - 4 085 4 0.674
3200 0.3284 3200 0.34
> sl: 0.743
average optimized 0.015
0.7 sig e sig e
50 046 50 0.46
400 0.4457 400 0.45
el: 0.485
06
=
@
0.5 -
04 -
0.3 1
02
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Oedometer Test

Testaim:

Materialnumber:
Test apparatus:

File name:
Comments:

Measured sample Data:

Testdate:

Determined sample data:

14.02,2007

13_5 St.Moritz

Comparison of soil stiffness with measurements of Marchetti and Cambridge Dilatomeler tests
Probe 13
HIF B 26.1: Oedometer 04 / Zelle 10
Probe_13_5.dat
4 mm sieved & remoulded - eingestrichen

initial sample height:  H, 20.00 [mm] density Py 2.77 [glem]
sample diameter: D 56.40 [mm]
sample area: A 24.98 [en)
initial sample volume: Vg 49.97 [em?)
dry sample weight:  my 82.16 [g]
sample volume: i 29.66 [cm’]
lodo’| 46 | He | 20 [adh  |as, s MO | MOsior [Vietma e . (178 wact | sample
from..to [kPa]| [kPa] | [kPa]| [mm] | [mm] ||-] 1 Gl K | fenim?) | fom®) | [ [ [ [%] | weight[g] |
0 20.00 | 0.000 4997 | 068 24.71 102.47
0.4] 4 4| 19.45 | 0852 | o0s52| o.0284| o0.0278 141 145] 4859 | D64 23.04 101.08
4.128| 13 | 85| 1942 | o876 | 0.324| o00t69| 00182 502 s525] 47.78 | 061 | 0.0851 2205 100.28
125.25| 25 | 12| 1895 | 1048 | 0.73] o009t 0.0087 1369 1445] 4735 | 060 | o048 21.53 99.85
25..50| 50 25| 18.08 | 1939 | 0.890| 00493 0.0445] 507 562] 4512 | 052 | 024s0 18.82 97.62
s50..100] 100 50| 17.70 | 2304 | 0365 o.0208] oo183] 2424 2740 4421 | 048 | 0.1021 17.71 96.71
100..200| 200 | 00| 17.22 | 2781 | o477| oo0277| oo0238] 3610 4193] 4302 | 045 | 01338 16.26 96.52
200..400| 400 | 200| 16.95 | 3.048 | 0267| o0.01s8| 00134] 12688] 14981] 4235 | 043 | 00747 15.45 94.85
400..200] 200 | -200| 16.98 | 3.022 | -0.028] -0.0015| -0.0013| 130800| 153846] 4242 | 043 00073 | 1553 94.92
200...100] 100 | -100| 17.03 | 2968 | -0.054] -0.0032| -00027| 31541) 37037] 4255 | 0.43 00151 | 1569 95.05
100..50| 50 | -50| 17.11 | 2889 | -0.079| -0.004s| -00040] 10830 12658] 4275 | 0.44 00221 | 1583 95.25
50..100{ 100 so| 17.08 | 222 | 0033 ooo1g| o00017] 2se7e|  s0303] 4267 | D44 0oos2 | 1583 95.17
100..200] 200 | 100 1702 | 2585 | oos3| ocoos7| oooat| 27oos|  3i74s] 4251 | 043 0.0176 | 1564 95.01
200...400| 400 | 200| 16.92 | 3083 | 0.0s8| o000ss| o0.004s| 34524| 4o0816] 4226 | 042 00274 | 1534 94.76
400..800| 800 | 400| 16.55 | 3455 | 0.372| oo2es| oot8s] 17790 21s08| 41.33 | 038 | 0.1041
800...1600| 1600 | ®oo| 16.10 | 3905 | 0450 oo280| o.o0225] 28613  3ssse] 4021 | 036 | o259 12.84 92.71
1600...3200| 3200 | 1600 1562 | 4384 | ©047s| o0o0307| o00240] 52162| esmOE| 3901 | 032 | 04340 11.38 91.51
vorage value | 0.114 ]| 0.016
log s, []
1 10 100 1000 100 *VerEs 5 °""m";‘; eHe
08 4 064 4 065
3200 0.3089 3200 032
°0: 0.718
L 4 average optimized  0.016
0.7 sig & sig e
50 044 50 0.44
400 0.4264 400 043
€0: 0.468
05
=
@
05
0.4
03
0.2
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9.4 TRIVEC Measurements in the Inverse Analysis of the Long-Term Stability of a
Constrained Landslide

Puzrin, A.M. and Schmid, A. (2007). “TRIVEC Measurements in the Inverse Analysis of the Long-Term
Stability of a Constrained Landslide.” Proceedings of the 7th International Symposium on Field
Measurements in Geomechanics Boston, FMGM 07, Massachusetts, USA, September 24-27.
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TRIVEC MEASUREMENTS IN THE INVERSE ANALYSIS OF THE LONG-
TERM STABILITY OF A CONSTRAINED LANDSLIDE

by Alexander M. Puzrin® and Andreas Schmid”

* Professor, Institute for Geotechnical Engineering, ETH Zurich, Wolfgang-Pauli-Str.
15, Zurich CH-8003, Switzerland; Fax: +41-44-633-1429;
E-mail: alexander.puzrin@igt.baug.ethz.ch

? Research Assistant, Institute Jor Geotechnical Engineering, ETH Zurich, Wolfgang-
Pauli-Str. 15, Zurich CH-8093, Swiitzerland; Fax: +41-44-633-1429;
E-mail: andreas.schmid@igt.baug.ethz.ch

ABSTRACT

When an active creeping landslide is constrained by a retaining structure, it
has “nowhere” to go and its downhill movement in the vicinity of the structure may
be even reversed (provided the anchor forces are sufficiently large). This intuitively
implies that the landslide has been stabilized. However, because the landslide is
slowing, the viscous part of the shear strength on the sliding surface may decrease,
eventually leading to increase in compressive stresses in soil in front of the structure.
If these stresses exceed the passive earth pressure, this can ultimately lead to a failure
and the landslide will simply “overflow” the structure. In this paper we propose an
inverse analysis procedure for a long-term stability analysis of such a landslide. The
procedure is based on the curve fitting of the observed displacement data and back-
calculation of earth pressure changes from retaining wall deflections measured using
a TRIVEC system. Its application is illustrated on an example of the landslide
stabilization project in Combe Chopin, Switzerland.

1. INTRODUCTION

When an active creeping landslide is constrained by a rock outcrop or a
retaining structure, it has “nowhere” to go and its downhill movement slows down.
This intuitively implies that the landslide has been stabilized. However, exactly
because the landslide is slowing, the viscous part of the shear strength on the sliding
surface may decrease, leading to increase in compressive stresses in soil in front of
the structure.

Puzrin and Sterba (2006a) suggested the mechanism of a faiure scenario for
a constrained landslide evolution. In this scenario, the landslide will keep slowing
down till the earth pressure at its bottom exceeds the soil resistance and the slope
fails catastrophically. In this case, it is necessary to be able to answer the following
three questions:

- Is the residual shear strength on the sliding surface rate dependent?

- If it is, will the earth pressure increase sufficiently to cause a failure?
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- If it will, how much time is left before the future failure takes place?

The answered to these questions could be found with the help of the inverse analysis
procedure developed by Puzrin and Sterba (2006a). It allows for the safety factor for
long-term slope stability and final displacements to be determined solely from the
observed slope displacements. This helps to reduce uncertainties caused by spatial
variability of soil properties. The time of the failure can then be calculated using the
earth pressure measurements at the bottom of the slide.

This procedure has been applied to the St. Moritz landslide in Switzerland
(Puzrin and Sterba, 2006b) constrained by a rock outcrop. The advantage of this case
is that the constraint is a clear zero velocity boundary and the earth pressure grows
on it continuously. The major disadvantage, however, is that direct pressure
measurements within the soil mass are not likely to produce reliable results due to
high level of heterogeneity of sliding deposits.

In the presented paper we consider a case, where the landslide is constrained
by an anchored retaining structure. In this case, changes in earth pressures can be
casily back-calculated from retaining wall deflections measured using, c.g., a
TRIVEC system, which (together with the changes in anchor forces in time) can be
directly incorporated into the inverse stability analysis. The disadvantage of this case,
however, is that the retaining structure is not a zero velocity boundary. Furthermore,
if the anchor forces are sufficiently large, the lower part of the landslide could
initially start moving uphill (!) with the corresponding drop of the earth pressure on
the retaining wall, which can be rather misleading for interpretation and long term
stability analysis.

The purpose of this paper is to extend the Puzrin and Sterba (2006a)
procedure to a case of a flexible anchored retaining structure instrumented by a
TRIVEC system and to illustrate its application using the observation data from the
landslide stabilization project in Combe Chopin, Switzerland.

2. THE COMBE CHOPIN LANDSLIDE

The highway A16 from Bern to Delemont and Basel is a major north-south
link in Switzerland and connects the capital city Bern to France (Fig. la). The
highway crosses the creeping landslide of Combe Chopin (Fig. 1b), which is
bounded by two hills located to the north and south of the landslide, respectively.
This landslide is inclined from east to west with an inclination of 25 to 30° (Bapst,
2002) towards the river Birse, which passes on the bottom end of the landslide. The
width of the slide is about 150 - 200 m, its length in general is about 140 — 190 m,
but in the northern part the length of the active portion is about 90 m. The soil of the
landslide is composed of slope debris, a mélange of clay to gravel, a sliding zone
with a thickness of 0.5 to 1.0 meters which is as well a mélange of clay to gravel, a
zone of weathered rock with a thickness of 2 to 4 meters and then solid rock. The
landslide can be divided into a north zone, with a landslide thickness of
approximately 5 to 7 meters and a south zone, with a landslide thickness of up to 14
meters. The hydrology is dominated by the less permeable layer of mélange of clay
to gravel.
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FIG. 1. The Combe Chopin landslide: (a) location (VIAMICHELIN, 2007); (b)
view (Bapst, 2002).

Creep deformations in the landslide were observed and monitored since 1976,
when the highway project started (Bapst, 2002). The northern zone of the landslide
was partially stabilized by an anchored bored piles retaining wall, monitored using a
TRIVEC measurement system.

3. TRIVEC MEASUREMENTS

The TRIVEC device is a portable, high precision instrument to measure the
distribution of three orthogonal displacement components along a vertical borehole
(Fig. 2a). The quantities measured directly are the axial strain and the angles of
vertical derivation in two vertical planes normal to each other. (Koeppel et al, 1983).

(a)

(b) displacement [mm]
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FIG. 2. TRIVEC measurements: (a) the device (SOLEXPERTS, 2007); (b)
TRIVEC measurements of the Combe Chopin retaining wall displacements.
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The first measurements from the TRIVEC system in the retaining wall after
tensioning of the anchors had shown that the wall moved uphill (Fig. 2b). For the
first three years, until December 2005, the wall continued moving uphill. Does it
mean that the landslide has been stabilized? Or is that just a temporary creep of the
soil behind the wall? In the last measurement, which had been taken in August 2006,
the movements of the wall had changed their direction (solid line in Fig. 2b). The
wall is now moving downhill. What happens with the earth pressure behind the wall?
Is it growing, and if it is, will it ever reach the passive pressure? The goal of this
paper is to attempt answering these questions.

4. THE CONSTRAINED LANDSLIDE MODEL

The schematic layout of a landslide constrained by an anchored retaining
structure is shown in Fig. 3. When the anchor force applied to the structure is
sufficiently large, it will push the bottom part of the landslide upwards. The upper
part of the landslide will, however, keep moving downwards. The boundary with the
zero velocity is located at the distance L from the retaining wall. Equilibrium of the
sliding layer in the upper part of the landslide relates the shear stress 7 on the sliding
surface to the average effective normal stress in the layer p’ and the effective active

earth pressure p, acting at the top of the layer:

L
plx,0)H + jr(x,t)dx =y H(L-x)sina+ p,H for Ly<x<L (1a)

X

Here v, is the total unit weight of soil; o is the slope inclination; L and H are the
landslide length and thickness, respectively.

Equilibrium in the lower part of the landslide relates the shear stress r
(which always acts against the movement) to the normal stress in the layer p’ and

the earth pressure pj) acting on the wall:

X
p'(e.H + [ x(x,0)dx = pyH —v,Hxsino for 0<x< L (1b)
0

We use in (1a, by the effective earth pressures assuming that the average pore water
pressure is constant along the slope: u(x¢)=uff), i.c. either that there is a flow
parallel to the slope surface, or that there is no connected water. The zero velocity
boundary is found by substituting x = L into both equations (1a} and (1b):

—

Lo
{x,f )dx — J.'r(x,t)dx: y:HLsino —(pf — ply JH (2)
0

&
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Sliding
Surface

FIG. 3. Schematic layout of the constrained landslide model.

In a forward boundary value problem, we supplement equations (1) with constitutive
equations:

t(x.0)=1, + n,6(x.1) (3a)
p'lx,t)= Es(x,t)+ np(g,é)g'(x,t) (3b)

and solve them together in order to obtain displacements 8(x,z), strains e(x,f) and
earth pressures p'(x,t) and predict the landslide behavior. Here E is the elasto-plastic
(loading) modulus of soil; 7, is the residual shear strength of soil on the sliding
surface, 77, and np(e,é) are the viscosity coefficients for the shear and normal

stresses respectively. The residual shear strength is assumed here to decrease with
decreasing shearing rate, which has been experimentally confirmed for natural soils
(e.g., Skempton, 1985). The stiffness of the soil in the sliding layer is also assumed
to be rate dependent. Because the processes in a constrained landslide are slower
than in the one which is free to slide, we assume that the excess pore water pressure
has enough time to dissipate. Therefore, the time dependency of displacements is
solely due to viscous properties of soil.

Disadvantage of the forward approach is that it does not take into account the
observed slope displacements. Spatial variability of the soil properties results in high
levels of indeterminacy in constitutive models and their parameters obtained in
laboratory tests. This often causes large discrepancies between the calculated and
observed behavior. In contrast to the forward approach, the inverse analysis of the
problem allows for the material properties to be back calculated directly from the
observed displacements. This accounts for the global slope behavior, as opposed to
the behavior of the locally extracted soil samples, and provides a more reliable basis
for the future predictions. The purpose of this paper is to develop such an approach.
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5. THE CURVE FITTING FUNCTION

In order to simplify the analysis, the following analytical function is proposed
to fit the observed normalized displacements data &(%,7)= S(x,t)/ (L- LO) in the

upper part of the slope (L <x<L):

8(x,1)=56,(x)5,(r)= x{a - b)?)(lf e*c(f*’fo)), where 0<b/a<05;¢>0 (4

where X ={(x— IO)/ (L- LO) This function describes displacements that are zero at
x = L and increase monotonically (when 0<b/a <0.5) along the slope towards its

crest (Fig. 4a), while slowing with time and approaching an asymptotic value (Fig.

4b).

1 1
(a) (b)
_ bfa=0.5
é‘x é‘t
a-b bla=0
_ 0
0 x 1 ¢ty cf cto+ 5

FIG. 4. Normalized functions for curve fitting of slope displacements: (a) in
space; (b) in time.

The function (4) is simple and yet provides sufficient flexibility to fit the observation
data both in the space (parameters ¢ and ») and time domain (parameter c).
In fact, this function is the exact solution of the boundary value problem (1)-

(3), for a particular case of m; =0 and Ny (s,é): np = const, 1.e. when the residual

shear strength 1, is rate independent and the viscosity of the sliding layer is linear.
In this case, the coefficients of the function (4) can be directly related to the model
parameters:

a:pﬂ+ﬁ(l‘71‘0) b:p(LiLO) ﬁ:’)/[SiIlO(,*Tr/H CZE (5)
E 2E My

where Ly is determined from equation (2):
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- 20" Pa_ Pl ©)

2(y;sino.— p)
It follows that if the pressure on the structure p', were constant in time, the zero
velocity boundary I would not move. In this case, the exact solution for the
normalized displacements S(E,t):S(x,t)/IO in the lower part of the slope

(0<x<Ly)is given by:

8(%.1) = 8, (%)8, (1) ¥l - b1 1)) o

where X = (x -1 )/ I ; coefficients a and ¢ are identical to those in the equation (4);
and

,:by[HsinoH- T,

b 8)

v Hsina—1,

Hence, the displacement of the retaining structure (at x=0 and x =-1) is directed
uphill and increases in time:

80(t)=Lola+ b~ e~el0)] ©)

In reality, however, the constant p', pressure condition does not hold. The pressure-
displacement relationship of the retaining structure is given by:

Ap'y= KAS, (10)

where K is the stiffness of the structure. Therefore, when the uphill displacement
increases, the pressure p', on the structure should decrease. Via equation (6) this
pressure drop also causes the downhill movement of the zero velocity boundary L.
As a result, equation (7) does not provide the exact solution for the lower part of the
landslide. In spite of this, for the case of rate independent residual strength (1, = 0),
the curve fitting function (4) still gives the exact solution for the upper part of the
landslide provided the position of the zero velocity boundary Lo(t) is known at any
point in time. This position will eventually converge to some non-zero value.
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6. THE INVERSE ANALYSIS

Because the residual strength is in fact rate dependent (1, =0), the zero
velocity boundary L can eventually reach the retaining structure, after which the
pressure on the structure will stop decreasing and start increasing. It may eventually
reach the passive pressure causing the landslide collapse “overflowing” the retaining
structure. Once Ly =0, we assume that it stays constant and Puzrin and Sterba
(2006a) inverse analysis procedure can be applied.

The safety factor for the slope stability can be defined as the ratio between
the soil resistance (passive earth pressure) and the maximum earth pressure that can
develop at the retaining structure as a result of the residual shear strength decrease:

Fy = =P (11

where the values of the effective active and passive earth pressures in the slope are
found from Chu (1991):

P; 1 ' 2 4 T 2 4 2 2 ]
{p;}zy Hcosa[1+2tan ¢p+2\/(1+t311 (Dpxtan @, —tan D’) (12)

where qa; and 7' are the effective peak angle of internal friction and effective unit

weight of the soil in the sliding layer, respectively. Parameter p can be calculated
from equations (5) by curve fitting the observed displacement data using the function
(4) long before the pressure on the retaining structure started to increase:

— Pa
(2o L L) 4

Definition of the safety factor in equation (12) identifies the failure scenario with
F, <1. In this case the time before the slope failure is given as (Puzrin and Sterba,
2006a):

Apo/pp

(14
L e™yr, 1)

1
tf:l‘0+zln

where Ap{ is the increase in the earth pressure at the retaining structure, measured

over the period of time Af, #; is the time of the initial pressure measurement. This
change in pressure can be determined using the TRIVEC system measurements.
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7. PRESSURE CALCULATIONS FROM TRIVEC MEASUREMENTS

The pressure increment Apg between the times 75 and #p+ Af can be
determined by the back analysis of the changes Aﬁo(z) in the deflection line of the

retaining wall using the corresponding differential equation, TRIVEC system and
anchor load measurements.

An alternative to this rather complex analysis could be the following
procedure. At the earlier stages of the landslide evolution, before the zero velocity
boundary Ly moved down to the retaining structure, i.e. when the pressure pg is still

decreasing, from equations (6) and (5) it follows:

2
Ap():%ALOZZ(YtSiHG*ﬁ)AI—O (15)

where Al is the measured change in the position of the zero velocity boundary

between the times ¢ and {+ Af. The average displacement of the structure over the
same period of time is calculated using TRIVEC measurements:

H
880 = - [ 4% 2z (16)
0

The structure stiffness is then defined using equation (10):
K = App /A8y (an

After the pressure on the retaining structures starts increasing, we substitute this
stiffness, together with the average displacement (14) measured between the times #;
and 7+ Af, into equation (10). This gives the pressure increment Ap( required for

calculation of time to failure using equation (14).
8. THE COMBE CHOPIN LANDSLIDE ANALYSIS

In the following landslide stability analysis we utilize selected observation
data from the Combe Chopin landslide in Switzerland. It is important to emphasize
that these data are at the moment incomplete and more data will be collected over the
following year to definitely conclude about the landslide stability.

The following landslide parameters are adopted here (Bapst, 2002; Bisetti,
2002): H=5m, L=90m, y'=20kN/m’ and @ = 27°. The peak effective angle of
internal friction is assumed (after Bisetti, 2002) to be (p; =30, so that from equation

(5): p.=46.32kN/m" and p,=102.18kN/ m”. The safety factor was calculated by
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fitting the displacement function (4) to the normalized displacement data. Example
ofak;= b/a derivation for the slope displacements measured in the March 2003 is

presented in Fig. S5a. The resulting values for z derived from equation (13) vary
between 0.13 and 0.97kN/m3, which results in the safety factors between 0.8 and 1.8,
More observation data are required to narrow this safety factor range. Meanwhile let
us explore a failure scenario with the safety factor of 0.9 and the corresponding
p=0.75%N"/ m’ and calculate a potential time to failure when the landslide will
overflow the retaining structure.

The initial zero velocity boundary was determined in June 2002 to be at the
distance 5 m uphill from the wall. By December 2005 it shifted down to the wall
(Ly=0), as confirmed by TRIVEC measurements (Fig. 5b), which show that the
incremental displacements of the wall have changed their direction at around this
time. In fact, in Fig. 4b the solid line shows incremental displacement measured
between June 2005 and December 2005 and it is negative (directed uphill). The
broken line gives the incremental displacement between December 2005 and August
2006, and it is positive.

Assuming that the zero velocity boundary I decreases in time linearly we

calculate for the period June 2005-Dec 2005 ALy =0.697m and from the formula
(15) Ap'p=11.62 kN/m”. In the same period of time the average wall displacement

was Ady=0.285mm. From equation (17) the calculated stiffness of the structure

K = 40.85 MN/m® .

1 AS [mm]
X June 02-March 03 - -1 -0.5 0 0.5 1
0.8 7| == the best fit e ' : i : T
id '
06| (THDY oK 21 depth ./
. ’_»‘ [Hl] -
Y ooa P 1
] % K2
/‘/ (a) (b) 6 ’_1
024
. 8 1 K
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X 12 -

FIG. 5: (a) Curve fitting in space of the normalized displacement data
monitored for the Combe Chopin landslide using equation (18). (b) Incremental
displacements of the wall from TRIVEC measurements.

The displacement between Dec 2005 and Aug 2006 was 0.674 mm, and using
the structure stiffness K calculated above, from equation (10) we obtain the pressure
increase on the wall of Ap'y=27.54kPa over the period of Af=230days. For the

coefficient ¢ responsible for the creep behavior in time we currently assume a range

10
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c=1+2x 1073 days'lj which will have to be confirmed by future measurements.
Substituting all these parameters together with F, =09 into equation (14) we

estimate that the failure will potentially take place between summer 2008 and
autumn 2012. The retaining structure has been designed with the understanding that
it may eventually be overflown and further measures may be required for the
subsequent slope stabilization.

9. CONCLUSIONS

After a landslide is stopped by an anchored retaining structure, and the anchor
forces are larger than the initial earth pressure, it is possible that the structure
displacements are directed uphill and the pressure on the structure decreases in time.
This may create an impression that the slope was stabilized. In fact, these negative
displacements may be just temporary, and when downhill displacements start to
dominate again, the pressure will start increasing. This eventually may lead to the
passive failure above the structure and the structure will be overflown. The proposed
here procedure based on inverse analysis of geodetic and TRIVEC measurements
allows for this failure to be predicted at early stages of the landslide evolution. The
Combe Chopin Landslide example has been used here for purely illustrative
purposes. Additional data is required to definitely conclude on its long term stability.

10. ACKNOWLEDGEMENTS

The work has been partially supported by the ASTRA/VSS grant VSS
2005/502 “Landslide-Road-Interaction”. The Authors are grateful to Mr. A. Bisetti
and Mr. B. Houriet (GVH Tramelan SA) for providing the data on the Combe
Chopin Landslide and to Mr. D. Naterop (Solexperts AG) for providing the TRIVEC
data.

11. REFERENCES

Bapst, A. (2002). “N16 — Traversée de la Combe Chopin Conditions géologiques.”
Publication de la Société Suisse de Mécanique des Sols et des Roches, Réunion
d’automne, 8. nov. 2002, Olten, Switzerland, 59-72.

Bisetti, A. (2002). “Confortation et Assainissement de la Combe Chopin Analyse de
Stabilite.* Publication de la Sociéié Suisse de Mécanique des Sols ef des Roches,
Réunion d’automne, 8. nov. 2002, Olten, Switzerland, 73-82.

Chu, S. (1991). “Rankine analysis of active and passive pressures in dry sands.” Soils
and Foundations, 31 (4), 115-120.

GVH Tramelan SA (2003). “Rapport de synthese No. 1: Tunnels du Raimeux et de la
Roche St-Jean — Surveillance de la Combe Chopin.

Houriet, B. (2002). “N16 — Confortation de la Combe Chopin: Dimensionnement de
la paroi de pieux ancrée.” Publication de la Société Suisse de Mécanique des Sols
et des Roches, Réunion d’automne, 8. nov. 2002, Olten, Switzerland, 83-92.

11

283



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

FMGM 2007: Seventh International Symposium on Field Measurements in Geomechanics

Koeppel, J., Amstad, Ch. and Kovari, K. (1983). “The measurement of displacement
vectors with the TRIVEC borehole probe.” Infernational Symposium on Field
Measurements in Geomechanics, 5-8 Sept. 1983, Zurich, Switzerland, 209-218,

Naterop, D. (2002). “Deformationsmessungen in der Pfahlwand Combe Chopin.*
Mittetlung der Schweizerischen Gesellschaft fiiv Boden- und Felsmechanik,
Herbsttagung, 8. nov. 2002, Olten, Switzerland, 93-100.

Puzrin, A. and Sterba, 1. (2006a). “Inverse long-term stability analysis of a
constrained landslide.” Geotechnigue, 56, No. 7, 483-489.

Puzrin, A. and Sterba, I (2006b). “Inverse Stability Analysis of St Moritz
Landslide.” Proceedings of the Geotechnical Symposium in Rome, Italy, March
2006, in press.

Skempton, A.W. (1985). “Residual strength of clays in landslides, folded strata and
the laboratory.” Geotechnigue, 35(1), 3-18.

SOLEXPERTS (2007). “TRIVEC” Solexperts AG, Monchaltorf, Switzerland
http:/fwww.solexperts.com/pdfs/enfgeo_trivec_en.pdf

VIAMICHELIN (2007). http://www.viamichelin.de/viamichelin/deu/dyn/controller
/Karten

12

© 2007 ASCE

284



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

9.5 The in-situ stiffness of the sliding layer in a creeping landslide

Puzrin, A.M., Messerklinger, S., Schmid, A. (2008),"The in-situ stiffness of the sliding layer in a creeping
landslide”, Proceedings of the 4th International Symposium on Deformation Characteristics of Geomaterials,
IS Atlanta 2008, 22-24 September 2008, Atlanta, Georgia, USA, Vol. 1, pp 407-412.

285



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

286



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

The in-situ stiffness of the sliding layer in a creeping landslide

Puzrin, A. M., Messerklinger, S., & Schmid, A.
Insiitute for Geotechnical Engineering, ETH Zurich, Swirzerland

Keywords: in-situ, soil stiffness, dilatometer test, oedometer test, creeping landslide

ABSTRACT: A long thin creeping landslide can be used as a gigantic strain gage to measure the pore water
pressures and shear stiffness on the sliding surface. This requires knowledge of the stiffness of the sliding
layer. For the first time in geotechnical practice both the Cambridge High Pressure Dilatometer and the
Marchetti Flat Dilatometer tests have been performed in difficult soil conditions of Swiss creeping landslides
(gravelly clays and silts with boulders). The field tests produced results consistent with each other and with
the corresponding lab oedometer tests. It was shown that in order to produce a reasonably narrow range for
the true soil stiffness, a combination of Cambridge and Marchetti tests 1s necessary — one kind of tests is not
sufficient. The obtained stiffness values can now be used in the inverse analysis of the landslide
displacements to calculate the excess pore water pressures and shear strength along the sliding surface,
leading to the improved stability analysis and better design of mitigation measures (e.g. drainage).

1 INTRODUCTION Here ¥, is the total unit weight of soil; ¢ is the

slope inclination; [. and H are the landslide length
and thickness, respectively. As is seen, the
distribution of the shear strength along the sliding

Along with the gravity, the ground water is the main
driving force of many creeping landslides. It is not,
therefore, surprising that changes in the yearly
displacements of many landslides in Switzerland
(Schindler, 1982, Schliichter 1988, Bollinger et al,
2000) can be well correlated to the amount of yearly
precipitation. Increase in the pore water pressures on
the sliding surface leads to a decrease in the shear
resistance, which in turn causes acceleration of the
landslide displacements and may affect the overall
stability.

To illustrate this, a schematic layout of the
boundary value problem of a long thin constrained
landslide is given in Figure 1 (e.g. St. Moritz
Landslide, Puzrin and Sterba 2006). Equilibrium of
the sliding layer relates the shear resistance z* on
the sliding surface to the average normal stress in the
layer p and the average effective active earth
pressure p; and pore water pressure i, acting at

Figure 1. Schematic layout of the constrained landslide medel.
the top of the layer: ) ) )

surface of a long thin landslide plays a major role
in defining the stresses in the landing layer, and
consequently, its displacements and overall stability.
In turn, this shear strength distribution strongly

L
p(x,z‘)H+IT*(x,t)dx: v H(L—x)sinec+(p) +u, JH

(D

depends on the pore water pressures u(x,z) and their
seasonal changes.

287



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

T ()= (0, —ulx.0))tan ¢’ o, =y,Hcosa

2

Unfortunately, these pore water pressures on the
sliding surface are virtually impossible to measure
directly. The only way to determine them is via
some kind of inverse analysis, using a landslide as a
gigantic strain gage, as described below.

If the spatial distribution of the average normal
stress in the layer p(x,t) was known, the pore water
pressures u(x,r) could be back-calculated from
equations (1) and (2):

ulx,t) = ytH[cosa_ sin & J_ aplx.t) H

tan @’ dx tang’

(3

This inverse analysis is, however, also difficult to
perform, because the reliable pressure measurements
in the heterogeneous soil mass continue to represent
a serious challenge.

In contrast, the displacements along the landslide
8(x,r) (Figure 1) are relatively easy to obtain using
geodetic methods and with the help of inclinometers.
Assuming, for example, simple linear elasto-plastic
rate independent model for soil behaviour in the
sliding layer, the stresses can be back calculated:

e(x,1)=98(x,2)/0x
4

p(x, t) = Es(x, r)

where ¢ is the average linear strain over the layer
thickness; E is the elasto-plastic modulus of soil.
Substitution of equations (4) into (3), allows for the
changes in the pore water pressure along the sliding
surface to be calculated for any period of time Ar
between any subsequent displacement measure-
ments:

Au(x)= u(x,zo +Ar)— u(x,tg )
__E 928(x, 1 + At) ~ %3(x,10)| H
x? ax?

tan¢’

5

In fact, this expression only works if the pore
water pressure increment 1s positive, in which case it
causes further drop in the shear strength and positive
landslide displacements (obviously, increase in the
shear strength cannot lead to the wuphill
displacements).

This increase in the pore water pressure can be
correlated to the increases in the amount of seasonal

and yearly precipitations, and their spatial
distribution can then be used for a more efficient
design of a drainage system and, later, for the
assessment of its effectiveness.

In this new inverse analysis approach, the
landslide can be viewed as a gigantic strain gage,
used for the measurement of the shear resistance and
pore pressures along the sliding surface. Like in any
strain gage, the stiffness E is the parameter of the
greatest importance. But measuring the stiffness of
the soil in the direction parallel to the slope in the
heterogeneous soil conditions, such as gravely clays
and silts of the St. Moritz landslide, is also a
challenge. While reliable stiffness values can be
obtained from the field tests only, applications of
both Cambridge and Marchetti dilatometer tests are
explicitly not recommended for these kinds of soil.

The soils with the grain distribution closest to that
of the St. Moritz landslide are glacial tills. Studies of
these soils report very limited successful attempts of
applying pressuremeter and Marchetti dilatometer
tests for in-situ stiffness measurements (e.g. Akbar
and Clarke, 2001; Powell and Butcher, 2003; Long
and Menkiti, 2007). The reason for that is that these
soils are often not strong enough to hold an open
borehole, while the stones do not allow for
penetration and self-boring. Laboratory stiffness
measurements do not provide a proper alternative,
because they are normally performed on the
reconstituted samples with gravel size particles
being removed (e.g. Gens and Hight, 1979; Clarke et
al., 1998)

The purpose of this work was to attempt
measuring the soil stiffness of the sliding layer of the
St. Moritz landslide, using both types of tests. In the
summer 2006 these were successfully performed in a
borehole close to the Leaning Tower of St Moritz,
allowing for the investigation of the distribution of
soil stiffness with depth and for comparing the two
methods of in-situ stiffness measurements to each
other and to oedometer tests performed on samples
taken from the same borehole.

2 THE BOREHOLE

In the summer 2006, a 25 m deep 101 mm diameter
borehole was drilled in the vicinity of the Leaning
Tower of St. Moritz with the purpose of the
installation of an inclinometer (Figure 2, Figure 3
and Figure 4). The rock was encountered at the
depth of 19 m, with the soil above it being a mixture
of clay and silt with gravel and boulders, typical for
the creeping landslides in Switzerland. The slhiding
surface has been encountered at the depth of 17 m,
and the series of Cambridge and Marchetti
dilatometer tests have been performed at four
different locations within the sliding layer. At each
of these locations, at least one of the tests was
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successful. The disturbed soil samples were
collected from the same depths and the consolidation
tests were performed.

AN

horizontal displacement
1 in cm/year
| 3 (1988 - 1998)
|

B The Leaning Tower
© Chesa Corviglia
® Hotel Kulm

Figure 2. The borehole location on the landslide

Figure 4. The leaning tower of St. Moritz

3 THE CAMBRIDGE DILATOMETER TESTS

Cambridge High Pressure Dilatometer tests are in
general not recommended for soft soils because of
the fact that the borehole should be able to stand
without support. Nevertheless, in this project the
Cambridge dilatometer tests have been successfully
performed at the depths of 5 m, 9 m and 14 m, by
inserting a 95 mm cylindrical probe (Figure 5) into a
predrilled 101 mm hole. The test followed a standard
procedure (Sambeth, 2006). The test results are
given in Figure 6, both for the compression Ecomp
and unloading-reloading E,; moduli.

In general, the stiffness obtained in these tests is
likely to provide a lower bound for the true soil
stiffness for the following reasons:

- disturbance of soil by drilling,
- large displacements (3 to 6 mm) exclude
effects of the higher small-strain stiffness.

Figure 5. Dilatometer tests: Cambridge {Internet, 2007)
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Figure 6. Soil stiffness from the dilatometer tests
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4 THE MARCHETTI DILATOMETER TESTS

The Marchetti Flat Dilatometer tests are in general
not recommended for soils containing stones,
because they represent obstacles for penetration. In
spite of that, in this project the Marchetti dilatometer
tests have been successfully performed at the depths
of 6.5 m, 11 m and 14 m, by penetrating a spade-like
probe (Figure 7) from the bottom of a predrilled
hole. The tests have been performed at the depth
intervals of 20 cm. The test followed a standard
procedure (Marchetti et al., 2001). The test results
for compression modulus Ecmp (the only one
measured in this kind of test) are given in Figure 6.
The smaller value of the measured compression
modulus for each depth corresponds to the first
measurement (at the depth of 20 cm below the
borehole bottom), indicating the pressure relief due
to the drilling process. Starting from the 40 cm depth
the effect of the pressure relief becomes less
significant.

In general, the stiffness obtained in these tests is
likely to provide an upper bound for the true soil
stiffness for the following reasons:

- compaction of the soil around the probe,
-small displacements (1.1 mm) exclude

effects of the lower large-strain stiffness,
-the 3D configuration causes a stiffer soil
response.

Figure 7. Dilatometer tests: Marchetti

5 THE OEDOMETER TESTS

Sixteen disturbed samples were extracted from the
borehole from depths at which insitu tests were
performed with the aim to determine and compare
the oedometer stiffness to the stiffness measure-
ments in situ. In general, 2 tests per sample were
performed. When the results of these two tests
varied significantly, a third test was performed.
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Figure 8. Soil stiffness from the oedometer tests

The reconstituted samples were sieved through a 4
mm sieve to remove large stones and wood. The
remaining soil was wetted until it had a pasty
consistence, filled into the oedometer ring with a
spatula and placed in the oedometer apparatus. Each
specimen was loaded stepwise up to 400 kPa, then
unloaded to 50 kPa and reloaded to 3200 kPa. The
consolidation time per load step was determined
from the load — displacement curve as 30 to 45
minutes. Figure 8§ gives an overview of all
compression and swelling indices determined from
the oedometer tests. They are in good agreement
with the values obtained for a glacial till by Clarke
et al. (1998).

In general, the stiffness obtained in these tests is
likely to be lower than the true soil stiffness for the
following reasons:

- reconstituted samples,

- removal of stones.
Gens and Hight (1979) have shown that at the gravel
content smaller than 12% the gravels can be
removed without affecting the soil stiffness. In the
soil under study, however, the gravel content is
around 30%.

6 COMPARISON BETWEEN IN SITU AND
LAB TEST RESULTS

The comparison between the stiffness parameters
determined from different tests is not straight-
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forward, because of the strong dependency of the
compression Econp and unloading-reloading Ey,
moduli in soils on the current stress state. In contrast,
the compression and swelling C¢ and Cy indices are
stress independent, and are in fact the true soil
parameters. While in the oedometer tests, the C¢ and
Cs are determined directly, for the Marchetti and the
Cambridge dilatometer tests the transformation of
the Econp and By, moduli into compression (swelling)
indices requires the knowledge of the average
normal stresses Gy, applied in these two dilatometer
tests, respectively.

In general, the compression and swelling indices
Cc and Cg for clayey soils are related to the
constraint modulus Mg, as follows:

c =2.3~(1+e0)6, C =2.3-(1+e0)6,
C m i) m
MEcomp M Ey,

(6)

which in isotropic elasticity is in turn related to
the Young’s modulus:

(1-v)

M = ¥
Ecomp (1 n V)(l— 2V) comp

(1-v)
Mg, =7——"-+"""
B = aev)i-2v)

(N
Assuming the Poisson’s ratio of 0.25, we obtain
the transformation formulae for the dilatometer tests:

621.92~(1+e0)0; cs=1‘92'(1+e°)a;

E E
comp ur

(8)

C

Here e, is the in situ void ratio (for the St.

Moritz landslide between 0.75 and 1.0).

For the Marchetti dilatometer test this stress
magnitude is given by the average pressure applied
by the membrane during the stiffness measurement.
The stiffness is measured by applying 1.1 mm
displacement (Marchetti et al., 2001) between the pq
and p, pressure readings. Therefore, the average
pressure between po and p; was used for the
transformation of the stiffness moduli into the
compression and swelling indices.

For the Cambridge dilatometer test this stress
magnitude 1s as well given by the average pressure
applied by the membrane. The evaluation of the
stiffness parameter was performed on the stress-

strain plot by defining two points on the curve for
the compression and the swelling path, respectively,
and calculating the stress-sirain ratio in between.
From the same two points the average stress was
calculated and this is the stress magnitude used for
the transformation of the stiffness moduli into the
compression and swelling indices.

Figure 9 represents a comparison between the
compression and swelling indices obtained from the
different tests, where for each depth the average
value of the corresponding compression index from
the oedometer test is taken for 100%.
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Figure 9. Comparisen of the scil stiffness parameters from the
field and lab tests

7 DISCUSSION

As is seen in Figure 9, compression and swelling
indices appear to be a good comparison basis for
different lab and field tests. All three methods gave
qualitatively the same stiffness response over depth.
The following observations can be made with
respect to the stiffness in loading (compression
index):
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- considering the Cambridge test results as an
upper bound and the Marchetti test results as
a lower bound, the smdy produced a
reasonably narrow range for the true
compression index;
oedometer tests also produced a reasonably
accurate upper bound for the ftrue
compression index, in spite of the effect of
the stone removal;
- the elastic moduli in compression in the first
Marchetti measurements (20 ¢cm below the
borehole) are clearly affected by the pressure
relief due to drilling, and are very close to the
modulus values obtained by the Cambridge
dilatometer (Figure 6);
the soil disturbance due to drilling did not
have any effect on the Marchetti
measurements of stiffness, because the
compression index values appear to be
almost identical for the first (20 cm below
the borehole) and the following deeper
Marchetti measurements (Figure 9).

With respect to the stiffness in unloading
{swelling index) it can be observed that:

- considering the Cambridge test results as an
upper bound for the true swelling index,
oedometer tests produced a much softer
response and do not represent a good upper
bound;

- this shows that the unloading behavior is
more sensitive to the presence of stones in
the field and disturbance of the samples in
the lab, and 1s, in general, less stable.

& SUMMARY AND CONCLUSIONS

For the first time in geotechnical practice, the both
types of field dilatometer tests have been performed
in difficult soil conditions of Swiss creeping
landslides (gravelly silts and clays with boulders).
The field tests produced results consistent with each
other and with the corresponding lab tests. The
following conclusions can be made:

- the compression and swelling indexes
represent a good basis of comparison for
different in-situ and lab tests over a large
range of stresses;

- the Cambridge dilatometer tests, when
feasible, produce reliable upper bounds for
compression and swelling indexes;

- the Marchetti dilatometer tests produce
reliable lower bounds for compression index
values, independent of the depth of
penetration below the bottom of the
borehole;

- oedometer tests on reconstituted samples
with the gravel size particles removed
produce reasonable wupper bound for

compression index and too high upper bound
for the swelling index;

-in order to produce a reasonably narrow
range for the true soil stiffness, a
combination of Cambridge and Marchetti
tests 1s necessary — one kind of tests is not
sufficient.

The obtained stiffness values can now be used in
the inverse analysis of the landslide displacements to
calculate the excess pore water pressures and shear
strength along the sliding surface, leading to the
improved stability analysis and better design of
mitigation measures (e.g. drainage).
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9.6 Inclinodeformometer: a novel device for measuring earth pressure in creeping
landslides

Schwager, M. V., Schmid, A. M., Puzrin, A. M. (2009), ,Inclinodeformometer: a novel device for measuring
earth pressure in creeping landslides”, submitted paper for the International Symposium on Prediction and
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Inclinodeformometer: a novel device for measuring earth pressure in
creeping landslides

M. V. Schwager, A. M. Schmid & A. M. Puzrin
Swiss Federal Institute of Technology, Zurich, Switzerland

ABSTRACT: The inclinodeformometer (IDM) is a novel device to measure changes of earth pressure in a
sliding layer of a creeping landslide. The device makes use of the existing and widely used technology of the
inclinometer measurements. The change of earth pressures in the sliding layer leads to the changes in the in-
clinometer pipe shape and dimensions. If these changes are carefully measured, the pressure change can be
backcalculated, from a solution of a boundary value problem with properly described constitutive behaviors of
the pipe and the surrounding soil. An advantage of the inclinodeformometer is that it does not require any ad-
ditional infrastructure than standard inclinometer pipes, which are being installed anyway for landslide moni-
toring. Furthermore, these pipes can be used for pressure change measurements in the sliding layer long after
they were sheared and became unsuitable for inclinometer measurements. Full scale laboratory tests per-
formed in a 2 m high calibration chamber demonstrated that the pressure measurement accuracy can be as
high as 3 kPa. Initial field measurements performed on the St. Moritz landslide confirmed significant stress
anisotropy in the compression zone of this constrained creeping landslide.

1 INTRODUCTION

1.1 Motivation

Information about the earth pressure changes in a
sliding layer of a creeping landslide is a crucial
component for understanding, analysis and stabili-
zation of the creeping landslides.

This information is especially important for con-
strained landslides, where the pressures in the com-
pression zone could reach the passive pressure and
lead to a catastrophic failure. Combining the meas-
ured increase in pressure with geodetic measure-
ments allows for predicting whether and when the
constrained landslide will fail. The procedure for
this long-term inverse stability analysis was pro-
posed by PuzrindSterba (2006).

_&p
Ae

Atk = % (Apy-Ap) E

Figure 1. Backcalculation of the average shear strength on the
sliding surface and average lateral stiffness of soil.

In general the combination of the displacements
and the changes in pressure observations is very
promising for the analysis of landslides. Knowing
the pressure changes and displacements in two sec-
tions of a long thin sliding layer (Fig. 1) allows for
backcalculation of the average shear strength on the
sliding surface and average lateral stiffness of the
soil in the sliding layer.

Unfortunately, measuring the earth pressures is
also one of the most challenging problems in the
geotechnical monitoring.

1.2 The concept

The inclinodeformometer (IDM) is a new device al-
lowing for backcalculation of the changes of earth
pressure using a two step procedure. In the first
step, IDM measures the change in dimensions of an
inclinometer pipe in the sliding layer. The change in
shape is assumed to be caused by the changes in
the surrounding stress field. Therefore, in the sec-
ond step, the measured deformations are used to
backcalculate the change in pressure via inverse
analysis of the corresponding boundary value prob-
lem of a plastic pile surrounded by soil under a
changing stress state.

295



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

2 MEASURING THE PIPE DEFORMATIONS
2.1 Principle of measurement

The inlclindeformometer makes use of the existing
and widely vsed technology of the inclinometer
measurements. The IDM probe is being lowered
down the depth of the pipe on three wheels guided
along the channels of the inclinometer pipe (Fig. 2).
Continuous diameter measurements in two perpen-
dicular directions can be taken.

The upper and the lower wheels are rolling in the
same channel. These wheels are fixed fo the probe.
The middle wheel is connected via a lever with two
springs, so that it can be pressed against the oppo-
site channel. Change in the diameter of the pipe
leads (o change of the position of the middle wheel
in respect tw the probe. There are two tilt sensors
(VTI Technologies, 2006) detecting the relative in-
clination between the probe and the lever of the
middle wheel. One sensor is located on the fop of
the probe, another on the middle wheel (Fig. 2).

b)

tilt sensors

Figure 2. The inclinodeformometer in the inclinometer pipe: a)
The complete device, b) The device without the front panel.

In addition to the twao tilt sensors in the plane of the
measured diameler there is another (il sensor meas-
uring in a perpendicular direction out of this plane.
This sensor is used for correction of the measure-
ments (see Section 2.2). Above the top wheel there

is a pressure cell to measure the water pressure in
the inclinometer pipe.

Al the top of the borehole the cable on which the
device is hanging goes around a wheel. An increm-
tental rotation sensor (Wachendorff, 2008) meas-
ures the wheel rotation which determines the depth
of the device in the inclinometer pipe. As the device
is lowered down into the inclinometer pipe, all the
sensor measurements get saved on the computer for
the corresponding position in the pipe.

The IDM is built for the two most common di-
ameters of inclinometer pipes in Switzerland: 71
and 84 mm. The device can be easily switched be-
tween the different inclinometer pipe diameters.

2.2 Correction for the pipe inclination

The measured diameter D inside of the pipe is a
function of the two angels ow and ¢p measured at
the middle wheel and at the probe:

D=d+X +sin(ogyy —op)-Y (1)

X, Y and d are constants depending on geometry.

The measurements of ow and up are not inde-
pendent of the inclination B of the device out of the
plane. Assuming that the sensors are giving the true
(uw - op) value at p=0° there is an error occurring
on the tilt measurements, when P is different from
0°, Because the diamefer is just a funclion of the
difference (uw - dap), it 15 sufficient to describe the
error A alfecting this difference. This error can be
found by calibration measurements on a biaxial in-
clinable table (Fig. 3).

Figure 3. The inclinodeformometer on a biaxial inclinable ta-
ble for calibration measurements,
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The error occurring due to the device inclination
out of the plane can be described as a function of
aw, orand B as follows:

Aea, —a,) = (Aa, + Aa, + )" + @

(Ciary + Coa, +CH)

Ay, As Az €, Cyand Cs are constants derived by a
regression analysis of the calibration measurements.
Correcting the difference (aw - op) by the error
function leads to the corrected diameter D

D =d+X+sin(a, —a,—A)Y 3)

By using the error function from Equation 2, the
corrected measurements of the diameter D reach the
precision of +/- 2 micrometers within f=+/- 4°,
compared to the measurement at f=0° (Fig. 4).
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Figure 4. The precision of the diameter D compared te the
measurement at p=0°.

2.3 Calibration of the device

The aim of IDM is it to have measurements of the
diameters of the inclinometer pipes over a period of
several years so that the change in shape can be
computed. It is therefore important to avoid the in-
fluence of a possible shift of the device reference.
For this reason the field measurements of different
years should be preceded by the calibration in a
constant diameter high precision reference gauge.
There are two different reference gauges for both
types of inclinometer pipes (Fig. 5).

Figure 5. The reference gauges for both types of inclinometer
pipes.

3 BACKCALCULATING PRESSURES
3.1 Boundary value problem

The pressure change can be backcalculated, from a
solution of a boundary value problem. The bound-
ary value problem is given by a horizontal crossec-
tion of the pipe and the surrounding seoil in plane
stress (Fig. 6). The boundary conditions are static:
the two principle earth pressures. The major princi-
ple stress direction is assumed to coincide with the
direction of displacement vector which is known
from the conventional inclinometer measurements.
The pressure increments can be backcalculated,
from the measured changes in pipe diameters, pro-
vided the stiffness of the soil and the stiffness of the

a1
R v ¥ v
> 4
O
T2
- -+
i S S S S
01

pipe in this range of stresses are known.
Figure 6. Plain strain model in case of principle stresses paral-
lel to the axes of the pipe.
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The measured diameters are not only affected by
the earth pressure. Alsc the bending of the incli-
nemeter pipe preduced by the movement of the
landslide causes changes in diameter. This influ-
ence has to be corrected before modeling in the
plain stress preblem.

3.2 Effects of stiffness

The stiffness of the pipe and the scil affect the re-
sult of the backecalculation significantly. Therefore,
it is very important to describe the constitutive be-
haviers of the pipe and the surrcunding soil in an
appropriate way.

3.2.1 Stiffness of the inclinometer pipe

In case of the inclinometer pipe the short term
Young's modulus for fast loading could be found by
compression tests. The pipe was loaded by a linear
distributed load in a purpose-built test apparatus
(Fig. 7). The deformations had been measured for
several angles between the direction of the force
and the direction of the channels in the pipe.

Figure 7. Compression test on the inclinometer pipe.

The tangent stiffness of the pipe k is defined as
the ratio between the increment of force f divided
by the increment of displacement u {or, more pre-
cisely, a half of the displacement due te the symme-
try of the setup):

N ey
{Au)iz

The stiffness is strongly dependent on the angel be-
tween the direction of force and the direction of the
channels in the pipe, because they soften the pipe
cross-section. The highest stiffness is achieved at
the angle of 45° between the force direction and the
channels (Fig. 8). In this configuration there are
hardly any bending moments acting in the area of
the channels, where the bending stiffness is reduced
alot.
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Hgure 8. Stiffness k of the pipe as a function of the dirsction
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The Yeung's modulus F is related to & by an ana-
Iytical elastic solution for a solid pipe (without
channels} loaded by two opposite forces (e.g.,
Bouma, 1993):

Zkr 2r%
=—+

E : {1/9+1/225+1/1225 +..) (5

where r = middle radius; A = area of the pipe sec-
tiorn; and { = moment of inertia of the pipe section

Using Equation 5 with the stiffness k from the 45°
constellation (Fig. 7} leads to the immediate
Young's modulus of E=2850 MPa for fast loading.
In fact this value is a [ower bound because the for-
mula is made for pipes without channels. Neverthe-
less, when used for the modeling of this test with
the finite element program ABAQUS, it appeared to
reproduce the results for a channeled pipe with high
accuracy.

For backcalculations of pressures in creeping
landslides, however, the long-term modulus is of
much bigger concem then the immediate modulus
for fast loading. The viscous behaviour of the pipe
has to be considered. The long term creep and re-
laxation test are currently being carried out.

3.2.2 Stiffness of the surrounding soil

The stiffness of the surrounding soil can be meas-
ured by dilatometer tests while drilling the borehole
for the inclinometer. If no measurements are avail-
able the stiffness of the soil can be estimated from
results of laboratory tests (e.g., consolidation tests}.
The major effects on the stiffness of the soil are the
loading histery and the nonlinearity due to stress
dependency of stiffness.

3.2.3 Linear elastic solution

In the axisymmetric case of the hydrestatic state of
stress, where 01 = 0y = @, there exists an analytical
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elastic solution relating the acting free field stress ¢
and the radial deformation u:

P R - S )
Rl+v,} (R—e/2)

where Fy = Young’s moedulus of the surrcunding

soil; vy = Poisson ratio of the soil; Ep = Young's

modulus of the inclinometer pipe; R = extemal ra-

dius of the pipe; and ¢ = thickness of the pipe.

Equation & clearly shows the effects of the both
the pipe and the soil stiffness, but does not consider
any channels, This formula can be used as a
benchmark for the finite element model.

33 Inverse analysis

In reality, however, the soil is visco-elasto-plastic
and the pipe is visce-elastic with geometric non-
linearity due to the channels, Therefore, the forward
beundary value problem has to be solved using nu-
merical analysis. The backcalculation of pressures
is performed in two steps: first, a finite element
program computes the deformations caused by the
trial stresses. An inverse analysis algorithm then
solves the optimization problem to minimize the
objective function F (the sum of squared errors be-
tween the measured and the computed pipe defor-
mations) by changing the trial stresses oy and o3.

Figure 8 shows f as a function of o; and 5. The
Young's moduli of the seil and the pipe were set to
50 MPa and 2850 MPa, respectively. The poisson
ratios were assumed to 0.3 and 0.25. The minimum
of the objective function is located at ¢y = 100 kPa
and o3 = 60 kPa.
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Figure 9. Objactive function for inverse analysis.

It can be seen in Fig. 9, that the gradient is quite
low aleng the cbjection function “valley”, This
means that a variety of states of stress may lead to
similar pipe deformations. This can be explained by
the fact, that bending moments canse much bigger
deformations of the pipe then normal forces, and
different combinations of the stress ratic os/oy and
the average stress {oy+03)/2 can produce the same
bending moments at different levels of compression

of the pipe. From Fig. 9 it follows that variation in
/oy at a fixed (oy+c,)/2 produces larger pipe de-
formation than other way round. This makes back-
calculation of stress increments more challenging.

3.4 Validation: IDM box

For validation of the backcalculation full scale labo-
ratory tests were performed in a 2 m high calibra-
tion chamber (IDM-box} with a cross-section of 40
by 40 cm. Each of the 4 vertical walls of the cham-
ber is equipped with a pressure membrane allowing
for applicatien of 2 independent principle herizon-
tal stresses. The chamber is filled with sand and the
inclinometer pipe is fixed in the middle of the
chamber. Increase in principle stresses results in the
deformations in the pipe which are measured using
the inclinedeformemeter.

Validation with finite elements showed that the
dimensions of 40 by 40 cm, when compared with a
free field selution, are sufficient to avoid the effect
of the boundaries.

Figure 10. The IDM box.

Preliminary measurements in the calibration
chamber demonstrated an accuracy in pressure
measirements of about +/- 5 kPa. The comparison
between applied and backcalculated pressures is
given in Fig. 11.
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Fgure 11. The comparison between the backcalculated and
applied pressures in the IDM box experiments; 65 = 0.6 (.
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4 INITIAL FIELD MEASUREMENTS

Initial field measurements performed m the com-
pression zone of the St. Moritz landslide confirmed
significant stress anisotropy (Fig. 12}. The A-axis
coincides with the direction of the landslide veloc-
ity, B-axis is perpendicular to it. The pipe diameters
are averaged every 3 meters — e.g., within each con-
tinuous pipe section between the installation joints.
The measurements consistently demonstrate an el-
liptical pipe shape with a smaller diameter parallel
to the landslhide velocity. The difference between
the pipe sections is most likely due to the variation
in the initial pipe diameters. In 2009 the measure-
ments of the diameter changes will be taken and the
earthpressure changes backcalculated.

| —A-axis|

[l
L
1

===B-axis |

===

Position in the borehole [m]

61 61.5 62 62.5 63
Diameter [mm]

Figure 12. Initial measurements of the sheared inclinometer
pipe diameter in the compression zone of the St. Moritz land-
slide.

5 CONCLUSIONS

The research on the novel inclinodeformometer
device 1s in its preliminary stages. Nevertheless it
looks promising, due to simplicity and accuracy of
measurements. In addition, it does not require any
additional infrastructure than standard inclinometer
pipes, which are being installed anyway for land-
slide monitoring. Furthermore, these pipes can be
used for pressure change measurements in the slid-
ing layer long after they were sheared and became
unsuitable for inclinometer measurements, Back-
calculation of pressures is a challenging task, which
requires additional study.
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9.7 Defining and monitoring of landslide boundaries using fiber optic systems

Iten, M., Schmid, A., Hauswirth, D., Puzrin, A. M. (2009), ,Defining and monitoring of landslide boundaries
using fiber optic systems*, submitted paper for the International Symposium on Prediction and Simulation
Methodes for Geohazard Mitigation, IS Kyoto 09, May 25-27 2009, Kyoto, Japan.

301



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Rickwértsrechnung

302



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

Defining and monitoring of landslide boundaries using fiber optic

systems

M. Tten, A. Schmid, D. Hauswirth & A. M. Puzrin
Swiss Federal Institute of Technology, Zurich, Switzerland

ABSTRACT: Defining and monitoring of the landslide boundaries is essential for the landslide understand-
ing, analysis and stabilization. It is, however a rather challenging task in both urban and rural areas. Distrib-
uted fiber optic sensors are offering new possibilities in the field of geotechnical monitoring. This paper de-
scribes three novel fiber optic landslide boundary monitoring systems, which have been designed, put in place
and tested on several locations around St. Moritz, Switzerland.

1 INTRODUCTION
1.1 Motivation

Differential soil displacements initiated by creeping
landslides can cause immense problems by damag-
ing infrastructure and buildings in the sliding area.
Moreover, special construction and reinforcement
requirements, or even total halt of construction
within a landslide area may be demanded by local
construction laws. In some cases it is, therefore, of
crucial importance to determine the exact position of
the boundary between the landslide and the stable
part of the slope. For a comprehensive analysis, this
boundary needs to be identified on the surface, as
well as in the subsoil.

Traditional monitoring techniques for this prob-
lem include geodetic measurements and inclinome-
ters. Geodetic measurements can identify the bound-
ary on the surface, but not necessarily with high
precision. Additionally, depending on the amount of
required measurement points and survey frequency,
this can be a costly campaign. Inclinometers serve
for the detection of this boundary undernecath the
surface, called the sliding surface. Once an incli-
nometer pipe is sheared, a conventional inclinometer
probe can not be inserted anymore and the incli-
nometer will no longer produce results.

This paper is an attempt to outline new landslide
monitoring techniques by means of continuous strain
measurements in optical fibers embedded into an as-
phalt road, an old inclinometer pipe, or even directly
into the soil. The necessary technology of measuring
continuous longitudinal strain in an optical fiber is
based on Brillouin Optical Time Domain Analysis
(BOTDA), nowadays commercially available. It of-

fers a great potential for application in the geotech-
nical field.

1.2 Projects

In all the projects presented in this paper, the goal is
to determine the boundary between the landslide and
the stable part. By performing optical strain meas-
urements along the sensor cable, the transition zone
between the sliding and the stable parts can be iden-
tified.

The first system, an asphalt road-embedded sen-
sor cable, serves for the evaluation of such a bound-
ary in an urban region. A road, which intersects this
boundary, can be seen as a large-scale strain gauge.
Commencing in 2006, up to date three such road-
embedded sensor systems have been integrated and
tested in the field.

For the boundary identification in an area where
no road or other infrastructure exists, to which the
fiber cable could be attached, a soil-embedded “mi-
cro-anchor”-cable system has been developed. The
principle of this second system is that a cable fixed
to “micro-anchors™ buried in soil experiences the
same movement than the soil around it. Laboratory
testing of system parts started in 2007 and a first
field integration of the novel specially developed
cables and anchors took place in July 2008.

The third monitoring system takes advantage of
old, out of service, inclinometer pipes. In order to
continue using such pipes, a fiber cable is placed in-
side and the pipe is filled with grout. The current
sliding surface can then be identified and displace-
ments on this surface backecalculated. Such a fiber
optics equipped inclinometer has been installed on
site in July 2008.
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1.3 Location

The two creeping landslides monitored in this work
are located in the heart of the renowned mountain
resort town of St. Moritz, Switzerland (Fig. 1). The
displacements of the Brattas landslide have been
monitored by geodetic measurement techniques for
over 100 years. The Laret landslide, on the other
hand, has not been recognized until recently, and it
is still discussed whether it even represents a land-
slide or just localized displacements.

Figure 1. A view of the lake and the town of St. Moritz from
the South. The sensors installed are as follows: 1 and 2, road-
embedded sensors, 3 soil-embedded sensor system, 4 fiber op-
tics inclinometer.

2 DISTRIBUTED FIBER OPTIC SENSING
2.1 Brillouin optical time domain analysis

Distributed temperature and strain sensing along an
optical fiber using the effect of Brillouin scattering
was proposed by Horiguchi et al. (1990). It has since
evolved towards a high performance technology that
can achieve 1 meter spatial resolution over long fi-
ber lengths with absolute strain measurements in the
range of a few z15 (1 microstrain = 107%).

Spontaneous Brillouin scattering occurs when a
portion of light guided through a silicia fiber is
backscattered by a nonlinear interaction with ther-
mally excited acoustic waves. The scattered light
undergoes a frequency shift. This frequency shift
depends, among others, on the acoustic wave veloc-
ity, which is directly related to the strain and tem-
perature dependent medium density.

In the more refined stimulated Brillouin scatter-
ing configuration, two counter-propagating light-
waves, at different frequencies, interact via stimu-
lated acoustic waves. The use of stimulated Brillouin
scattering for distributed fiber measurements was

demonstrated by Horiguchi et al. (1989) and later
named as Brillouin optical time domain analysis
(BOTDA).

The Brillouin backscattered light is recorded in
the time domain to obtain information of the scatter-
ing along the fiber and the frequency shift of the
signal is analyzed and converted into strain and tem-
perature data. As the frequency shift is dependent on
strain and temperature change in the cable, a tem-
perature reference measurement is needed in order to
separate the two components.

Today’s commercially available distributed Bril-
louin scattering measurement units can be operated
by an experienced engineer without profound
knowledge of the physics behind the phenomenon.
For the projects presented in this paper, a BOTDA
measurement unit from Omnisens, Switzerland was
utilized. It is capable of measuring the strain value
with a resolution of 2 pg continuously along the op-
tical fiber of up to 30km length for any minimally
1m long section of this fiber (Omnisens 2007).

2.2 Design and selection of fiber optic cables

Fiber optic cables for integration into different envi-
ronments have to comply with several requirements,
such as being strong enough to withstand harsh in-
stallation conditions, transmitting strain applied on
the jacket without loss to the fiber core, allowing
unproblematic handling and offering flexible ad-
justment to project modifications.

Specialty fiber optics strain and temperature sens-
ing cables can be found on the market, but they ap-
pear to have a series of handicaps varying from high
signal loss (attenuation), tricky handling and inflexi-
bility in project alterations to long production and
delivery time and high prices. Therefore, it was cho-
sen to custom produce strain sensing cables for the
projects in this paper. The first custom sensor has
been produced in 2006 at the institute’s laboratory,
while the later versions where developed in a joint
project with a cable manufacturer. The different sen-
sor cables are displayed in Figure 2 and their main
characteristics are qualitatively described in Table 1.

2.3 Laboratory testing of cables

The strain response of the fiber cables used in this
study was separately tested in the laboratory. This
has been done using a fiber strain calibration device
which allows for fixation and straining of the fiber at
known wvalues and reference measurements thereof
with Brillouin technology. As a result, the character-
istics of all the cables, such as Brillouin shift, fiber
slip and temperature influence could be specified
and field readings can be, if necessary, adjusted to
these values.
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Strain cable 2006 (S06)
2 tight buffered single mode fibers
protected by a heat shrink tube

Polyamide strain cable 2007 (P07)
Single mode fiber protected by a
polyamide layer

Hard plastic coating
Soft plastic buffer
Coated fiber

Polyamide protection layer

Heat shrink tube Coated fiber Soft plastic buffer

2mm

——
3 mm 1.6 mm

Metal strain cable 2007 (M07)
Single mode fibers protected by a
metal layer

Strain cable 2008 (S08)
Single mode fiber protected by two layers

Polyamide protection layer
Soft plastic buffer Thermoplastic
Coated fiber urethane outer

. protection sheet

Soft plastic buffer Steel coating
Coated fiber

-—
09mm

2.8mm

Figure 2. Cross section of strain sensing cables used in this
study.

Table 1. Main characteristics of custom produced fiber optic
sensors used in the projects described in this paper.

Sensor Robustness Handling Attenuation Price
506 --- - . e
P07 + ++ + -
MO7 ++ + + -

308 ++ + + --
+advantage

- limitation

3 ASPHALT ROAD-EMBEDDED FIBER OPTIC
SENSOR

3.1 Site description

The creeping Brattas landslide (Fig. 1) divides the
heavily populated hillside into a stable part (outside
the landslide boundary) and a moving part (land-
slide). An asphalt road crosses the landslide bound-
ary in the south-western region of the landslide. The
road is surrounded by buildings on both sides. No
cracks have been observed in asphalt, indicating that
the boundary shear zone is sufficiently wide for the
asphalt to absorb deformations without cracking. To
locate the boundary shear zone, it was decided to in-
strument the road with the fiber optic cable (Site 1 in
Fig. 1).

3.2 Installation of sensor

In October 2006, a 8m long, 10mm wide and
70mm deep trench was cut along the road in the as-
phalt. The sensor cable S06 was then attached to the
bottom of the trench by clips at 2m length intervals.
This procedure allowed pre-straining of the cable
over the whole length. Subsequently, a two-
component epoxy adhesive fixed the cable definitely
at 1 meter intervals to the asphalt at the trench bot-
tom. On top of the strain cable, a temperature com-
pensation cable was loosely positioned and the
whole trench was filled with an elastic cold sealing
compound. The detailed installation procedure is de-
scribed in Iten et al. (2008).

3.3 Monitoring process

Strain and temperature measurements were per-
formed the day following the sensor installation and
thereafter every couple of months. There was no
need for continuous monitoring, because the land-
slide is slow moving (creeping) and no large-scale
movements have been observed. The monitoring
was performed successfully for 7 months until the
sensor broke.

3.4 Monitoring results

The strain change in the fiber along the road in the 7
months of monitoring is shown in Figure 3. It is
clearly recognizable that in a 15m long section (be-
tween 30 and 45 meters from the upper shaft), strain
increased by about 1000 ue , while in the other parts
of the fiber, strain change stays within a 500 us
band around the zero line.

Temperature measurements could not be success-
fully performed, as the signal loss was exceeding the
required level for measuring with BOTDA. There-
fore, temperature compensation is not included in
the results of the strain measurements.
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Figure 3. Strain change along road-embedded S06 sensor.
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3.5 Data interpretation

For the data interpretation of the measured strain in
the fiber, a simple model can be considered (Fig. 4).
For correct interpretation, the angle between the sen-
sor and the movement needs to be specified. Visual
observations of damaged structures, geodetical data,
as well as the location of the strained section lead to
the assumption, that this angle is around 45°.

In order to achieve a strain of about 1000 ug , over
the transition zone of 15m, the landslide movement
should be about 20mm. This displacement is of the
order of magnitude of the yearly displacement geo-
detically recorded in this area.

Transition zons

y

Stable ground MMaoving area

FO cable

MWovement
7

Figure 4. Simple model for movement interpretation from
strain data.

3.6 Application of asphalt road-embedded sensor
system in other projects

Following the cable breaking of the S06, a new set
of sensors was installed on the same location in sum-
mer 2007. This time, a metal protected strain cable
(MO07), as well as a polyamide protected strain cable
(PO7) (Fig. 2), were embedded into the road. In addi-
tion, in 2008 an asphalt road crossing the Laret land-
slide boundary (Site 2 in Fig. 1) was equipped by
47m of the P07 cables. The momitoring of these sen-
sors is still continuing and is beyond the scope of
this paper.

4 SOIL-EMBEDDED “MICRO-ANCHOR” —
CABLE SYSTEM

4.1 Site descripiion

Uphill from the road-embedded sensor on the Laret
landslide (Site 2 in Fig. 1), a soil-embedded sensing
system was placed benzsath a hiking path (Site 3 in
Fig. 1). Downhill from that path, and above the
road-embedded sensor, a building was severely
damaged in 2006 due to differential displacements.
At that point, concerns began to rise that a creeping
landslide may exist at this location. It is assumed
that the landslide is almost not moving under normal
conditions, but may be triggered by a nearby exca-
vation, undertaken in 2006 for the construction of a
new building.

4.2 Sensor system

The soil-embedded sensor system consists of the two
parts: “micro-anchors™ and optical cable. The pur-
pose of the “micro-anchors™ is to connect the cable
to the soil at the specified fixation peints, so that the
cable experiences the same movement than the soil
around it, instead of the soil just flowing arcund the
cable. Such a system is sketched in Figure 5.

Soil movement
"Micro-anchaor”

— T —

Cable
i L

Figure 5. Soil-embedded sensor systerm.

4.3 Laboratory festing of sensor system

In order to dimension the “micro-anchors™, a pullout
box was used (Fig. 6). The box is 2m leng, 0.1m
wide and 0.2m deep and has a step motor at the
front. For the tests, the box was filled with a poorly
graded sand up to the half of its height. The sensor
was then placed and the box was entirely filled with
sand. On top of this sand, it was possible to add ad-
ditional weight simulating different sensor depths.
Three different tests were carried out: the cable fail-
ure test, the anchor failure test and the anchor inter-
action test (Fig. 7).

The cable failure test allows for the measurement
of cable pullout resistance, and therefore, the friction
between the cable and the sand. The purpose of the
anchor failure test is to determine the anchor bearing
capacity (failure load), as well as the design load
(before the anchor starts loosing contact with the
soil). The anchor interaction test determines the
minimal distance 4 between two identical anchors, at
which they do not affect each others perfermance.

In advance of the field installation, these tests
were run in order to design the system components
properly. The cable S08 (Fig.2) in connection with a
40x40x40mm anchor was subsequently chosen for
field installation.

Step motor

Figure 6. Pullout box.
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Cable failure test

Cable tip

fp—
Pull =

Anchor failure test

Cable

“Micro-anchor”
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Anchor interaction test

Cable “Micro-anchor”
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Figure 7. Setup of the laboratory tests with the pullout box.

4.4 Installation of the sensor system

For the installation of the sensor system, a 80m long
and approximately 0.4m deep trench was cut in the
path. The location of the trench was chosen so that
part of the trench should be on stable ground while
the rest is in the creeping zone. The bottom of the
trench was then filled with compacted sand, the sen-
sor was slightly pre-strained, placed and covered
with sand again. In addition, a temperature compen-
sation cable as well as a strain cable without anchors
was put in the trench. A picture of the installation is
shown in Figure 8.

Figure 8. The trench cut in the hiking path with the sensor sys-
tem already embedded.

4.5 Monitoring and outlook

Zero readings of the strain were taken the day fol-
lowing the implementation in July 2008. First results

from strain monitoring are expected for summer
2009,

5 REACTIVATION OF OLD INCLINOMETER
PIPES

5.1 Site description

Close to the compression zone and lower boundary
of the Brattas landslide, an inclinometer pipe was in-
stalled in 1982 for the localization of the sliding sur-
face and monitoring of displacements (Site 4 in Fig.
1). The inclinometer pipe has a standard 71mm di-
ameter, and goes 14.75m deep into the ground. Since
1987, the inclinometer can not be monitorad any-
more because the conventional probe does not go all
the way through the pipe. For that reason, it was de-
cided to reactivate this inclinometer by installing a
fiber optic sensor.

5.2 Installation of sensor

The sensor consists of the P07 cable, which was in-
serted into the inclinometer to 14m depth and
slightly prestrained. The whole pipe was then filled
with a cement-bentonite grout backfill. This grout is
intended for the overall bonding of the fiber along
the pipe.

5.3 Monitoring process

In July 2008, after hardening of the grout, zero read-
ings of the strain in the fiber were taken. In October,
the strain was measwred again and monitoring will
continue every few months.

5.4 First monitoring results

The strain change along the cable between July and
October 2009 is displayed in Figure 9. It can be
clearly seen, that between 5.5m and 7.5m, the strain
in the fiber increased by up to 400 g, while in the
other parts, strain increase stays about +/- 100 usg
around 0. The largest strain increase was measured
at 6.2m with 410 ue .
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Figure 9. Average strain change in the 3 months period follow-
ing the sensor installation in the inclinometer.
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5.5 Data interpretation and ontlook

Monitoring data from 1982 to 1984 indicate that the
sliding surface lies between 5.8m and 6.7m. By
looking at the optically measured strain in the fiber,
one can see that principal displacements must occur
between 6.2m and 6.8m. The measured strain over
the 1 meter thick sliding surface suggests a monthly
horizontal displacement of about 1mm, which is in
the range measured in 1982-1987. The optical data
series at this site consists of just two measurements,
one in July and the other one in October. Therefore,
it would be too early to give a comprehensive vali-
dation of this sensor system. Nevertheless, the
agreement between the two methods strongly sup-
ports applicability of the fiber optics sensors in old
inclinometer pipes.

6 DISCUSSION
6.1 Cable selection

In any fiber optic strain sensing project, the selection
of the adequate cable is a key issue. The main con-
cern is usually put on the protection and on the strain
transfer from the outside sheath of the cable to the
optical fiber. Cable manufacturers are increasingly
adjusting to the demands of the fiber sensing com-
munity and can offer custom made strain sensor ca-
bles. Shortly, such cables should be available of the
shelf.

6.2 Attachment of cable to the structure / ground

For the attachment of a sensor cable to a structure or
to the ground, basically two methods exist: continu-
ous bonding and point fixation. It is a difficult task
to determine the best fixation method and, espe-
cially, to choose a procedure which allows to
achieve a durable and trustworthy fixation. The op-
tions shown in this paper have demonstrated a good
performance.

6.3 BOTDA technology vs. traditional technologies

The possibility to measure deformation continuously
along a fiber optic cable, presents several advantages
over traditional technologies such as geodetic meas-
urements or inclinometers. First, it offers distributed
measurements of strain over long distances and
therefore, hundreds and thousands of measuring
points. This is a clear advantage when soil stability
monitoring extends over long distances (e.g. for
ground movement detection along roads, train
tracks, power lines or pipelines). Second, measure-
ments can be done remotely from the site, as the ca-
ble can extend to the instrument placed in an office,
and therefore, a large area can be monitored from
one source. Other advantages of fiber optic strain

sensing include its immunity to electromagnetic
hazards (lightning), water resistance and its long
lifetime.

In order to deploy BOTDA measurements meaning-
fully to monitor ground movement, a series of im-
provements and developments have to be consid-
ered, such as commercially available strain sensing
cables with known strain behavior parameters,
guidelines for structure integration techniques and
standards for data processing and evaluation.

7 CONCLUSIONS

The design, implementation and testing of three
novel fiber optic landslide boundary monitoring sys-
tems using BOTDA technology has been demon-
strated. Where the time frame allowed, measure-
ments have been taken and the obtained results were
in good agreement with traditional monitoring tech-
niques. This validation leads to the conclusion that
distributed BOTDA sensing has the potential to be-
come a widely accepted new tool in landslide moni-
toring, and, in some cases, might even outperform
traditional techniques. At present, until methods and
standards in this field are established and reliable,
combination with traditional measurements is neces-
sary.
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Zusammenfassung der Dieses Pilotprojekt hatte zum Ziel, an ausgewshlten Krechhéingen der Schweiz die Methoden fir die
Projekiresultate: Langzeitstabilitit zu idenfifizieren, die dafiir notigen Daten zu sammeln sowie den Einfluss auf die
Infrastruktur Strasse zu untersuchen. Nachfolgend sind die im Rahmen dieses Projekles erzielten
Resultate aufgelistet.

Eine neuartige Methode zur Rickrechnung der Langzeitstabilitit von natiirich oder kiinstlich am Fuss
gastitzten Rutschungen wurde entwickelt und erfelgreich an den Kriechhangen von St Moritz und
Combe Chopin angewandt.

*Zum ersten Mal wurden der Cambridge Insitu und der Marchetti Flat Dilatometar in salch schwigrigen
Bodenverhaltnissen erfolgreich benutzt, um die Bodensteifigkeit in der sich bewegenden Schicht der
Brattas Rutschung in St. Moritz zu bestimmen.

*In der Rutschung von St. Moritz wurde durch die Verwendung von Dehnungsmeassungen in
Glasfaserkabealn (distributed fiber opfic strain measurements, BOTDA) eine neuartige Technik zur
Bestimmung der Grenzen der Rutschung angewendet, Zum ersten Mal wurden erfolgreich
Glasfaserkabel in den Strassenasphalt integriert. Dies erméglichte, die Strasse als eine Art riesigen
Dehnmessstreifen zur Messung der Deformationen zu benutzen und gleichzeitig Informationen zur
Gebrauchstauglichkeit der Strasse zu erhalten.
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Es zeigte sich im Verlauf dass der Fokus dieses Pilotprojekles auf die Entwicklung von neuarfigen
Gerdten und Methoden zur Analyse und Uberwachung sowie auf Techniken zu Labor- und
Feldversuchen gerichtet werden musste, um die fehlenden Informationen zur Rickrechnung der
Langzeitstabilitdt und Verschiebungen von Kriechhéingen zu sammeln, Diese Entwicklungen wurden in
zahlreichen wissenschafiiichen Publikationen présentiert und von der internationalen gectechnischen
Gemeinschaft gut aufgenommen.

Das Ziel wurde erreicht. Die angedachte Methode zur Berechnung der Hangstabilitdt von Kriechhangen
konnte erarbeitet werden,

Als Folgearbeit zu diesem Pilotprojekt schlagen wir ein vollstandiges Projekt vor, bei dem die neuen
Geréte zur Datensammiung angewendet und diese Informationen zur Berechnung der Langzeitstabilitat
und Verschiebungen sowie zur Untersuchung von miglichen Stabilisierungsmassnahmen in den
betrachteten Kriechhénge verwandet werden,

Puzrin, A. M. & Sterba, |, (2008). Geotechnique 58, No. 7, 483480, Inverse long-lerm stability analysis
of a constrained landslide

Messerklinger, 5., Schmid, A, Rohr, R. Sterba, |. und Puzrin, A.M. (2007).“Interaktion Strasse -
Hangstabilitat, Monitoring und Rickwartsrechnung, VSS — Forschungsarbeit Nr. 2005/502 1.
Zwischenbericht Field expedition St. Moritz — Juli 2006* Bericht Nr. 4714, Institut fur Geotechnik, ETH
Zirich

Messerklinger, 5., Schmid, A.. Rohr, R. Sterba, |. und Puzrn, A.M. {2007) “Interaktion Strasse -
Hangstabilitat, Monitoring und Rickwartsrechnung, VSS — Forschungsarbeit Nr. 2005/502 1,
Zwischenbericht Field expedition St. Moritz — Juli 2006° Bericht Nr. 471411, Institut for Geotechnik. ETH
Zinch

Puzrin, AM. and Schmid, A. (2007). “TRIVEC Measurements in the Inverse Analysis of the Long-Term
Stability of a Constrained Landslide.” Proceadings of the Tth Intemational Symposium on Field
Measurements in Geomechanics Boston, FMGM 07, Massachusetts, USA, September 24-27.

Puzrin, A.M., Messerklinger, 5., Schmid, A. (2008),"The in-situ stiffness of the sliding layer in a creeping
landslide”, Proceedings of the 4th International Symposium on Defermation Characteristics of
Geomaterialg, 1S Atlanta 2008, 22-24 September 2008, Atlanta, Georgia, USA, Val. 1, pp 407412 M. V.

Schwager, M. V., Schmid, A, M., Puzrin, A. M. (2008), Incinodeformometer: a novel device for
MERSUFING &anh prassura in créeping landslides®, submitted paper tor the International Symposium on
Prediction and Simulation Methodes for Gechazard Mitigation, 1S Kyoto 09, May 25-27 2009, Kyoto,
Japan.

lten, M., Schmid, A, Hauswirth, D., Puzrin, A. M. (2009}, .Defining an monitoring of landslide boundaries
using fiber optic systems”, submitted paper for the International Symposium on Prediction and Simulation

Methodes for Gechazard Mitigation, 1S Kyoto 08, May 25-27 2008, Kyoto, Japan.
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Beurteilung der Begleitkommission:
Digse Baurteilung der Begleitkommission erseltzt die bisherige separate fachliche Auswertung.
Beurteilung: Die Begleitkommission schitzt den Wert der erarbeiteten Resultate als hoch ein. Die gewonnenen
Erkenntnisse und Methoden lassen sich auf verschiedene Kriechhinge in der Schweiz
applizieren,
Kriechhéinge und allgemein instabile Hinge beeinflussen die Linienwahl und die
Unterhaltsarbeiten an Verkehrswegen in unserem Land erheblich. Die Theorien zur Berechnung
und Bemessung von Kriechhingen und Kriechdriicken beruhen auf relativ alten Annahmen,
wobel es zu dieser Zeit noch nicht méglich war moderne Messmittel wie optische Sensoren etc, |
einzusstren. Die in diesem Bericht vorgestelllen Ansiitze sind daher von grossem Wert.
Allerdings sollten die neuen Messmethoden noch an weiteren praktischen Beispielen verifiziert
werden, daher sind noch weitera Arbeiten auf diesem Gebiet wiinschenswert.
Umsetzung: Die Umsetzung der gewonnenen Resultate in die Praxis geschieht anhand von Publikationen und
Vorragen. Der prakfisch tatige Geotechnikingenieur kann die gewonnenen Erkenntnisse anwenden.
weitergehender Ja. Bei diesem Projekt handelt es sich um eine sehr breite Machbarkeltsstudie fiir die realistische
Farschungsbedar’: Bemessung und Beurteilung der Mechanik von Kriechhéngen mit neuen Methoden. In einem weiteren
Ferschungsprojekt soliten die gewonnenen Erkenntnisse an mehreren Kriechhangen in der Schweiz |
verifiziert und kalibriert werden, |
Einfluss auf Moch keinen unmittelbaren, mittelbar wird die Arbelt auf die Normierungstatigkeit wirkzam werden,
Mormenwerk:
dsident Beglaitkommissian:
Mame: | Amiguet, Président EK 5.08 I Worname: Flean-Louis |
Amt, Firma, Institut: | Geotest SA
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Ort:
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|
|

| |
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CH-1052 | Emait | jean-louis.amiguet@geotest.cn
LT.E Mont-sur-Lausanne | Telefon: ‘ +41 21 731 45 65
Fﬂ'aud. Suisse _|]| Fax: ‘ +41 21 731 4383 ]
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Verzeichnis der Forschungsberichte

Strassenwesen, Forschungsberichte ab Nr. 1000

1719

Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

1000

V8S 1996/035

(20/96)

Evaluation des performances de nouveaux matériaux de
revétement: 1re partie: Enrobés & haut module
Untersuchung des Verhaltens neuer Belagsmaterialien.
1. Teil: Tragschichten hoher Steifigkeft

2001

1001

V8§ 1997/056

21/97)

Tatigkeitsablaufe und Entscheidungshilfen im
Management der Strassenerhaltung

Deéroulement des activités ef soutfen du choix dans le
cadre de la gestion de l'entretien des routes

2001

1002

V88§ 1999/119

(11/99)

Analyse des modéles de comportement des chaussées

Analyse der Verhaltensmodelle der Fahrbahnen

2001

1003

SV1 1999136

(42/99)

Probleme bei der Einfuhrung und Durchsetzung der im
Transportwesen geltenden Umweltschutzbedingungen;
unter besonderer Berucksichtigung des Vollzugs beim
Strassenverkehrslarm

Problémes lors de la mise en place et de Fapplication de
la légalisatfon en vigueur sur la protection de
lenvironnement dans le domaine des transports;
particulierement en ce qui concerne Fapplication en cas
de bruft engendré par la circulation routiere

2002

1004

V8§ 19989/124

(16/99)

Anforderungen an Geokunststoffe mit den Aufgaben
Bewehren und Schuotzen

Exigences relatives aux fonctions de renforcement et de
protection pour géosynthétiques

2002

1005

SV1 1999138

(44799)

Nachhaltigkeit und Koexistenz in der
Strassenraumplanung

Durabilité et coexistence dans la planification des
espaces routfers

2001

1006

ASTRA 1998/004

(52/98)

Utilisation des matériaux d'excavation de tunnels dans le
domaine routier

Etat des connaissances actuelles

Verwendung von Tunnelausbruchmaterial im
Strassenbau

Stand der aktuelien Kenntnisse

2002

1007

VSS 1989/111

(03/99)

Hohengleiche Kreuzungen Schiene/Strasse
Croisements a niveau rail-route

2001

1008

SVI 19991141

(47/99)

Nachhaltigkeit im Verkehr; Kriterien fur kommunale und
kantonale Strassenverkehrsplanungen und -projekte

La durabilité concernant le trafic routier; Criteres
d'évaluation pour des projets et des planifications
routiers

2002

1009

VES 1999/218

(17/00)

Voraussetzungen fur die dynamische Umwidmung von
Standstreifen zu Fahrstreifen

Conditions pour la fransformation dynamigue des
bandes d'arréts d’urgence en voie de circulation

2002
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Bericht-Nr. (Projekt Nr. Alte Nr. [Titel Datum
1010 V88 1999/289 (19/00) |Modalités de mise en place d'arbres d'alignement 2001
Problematique de 'implantation d'allées d'arbres hors
des agglomérations
Vorgehen bef der Planung und Realisferung von
Alleebaumbepflanzungen ausserorts
1011 SVI 1999137 (43/99)  |Warum steht Paul Muller lieber im Stau als im Tram? 2002
Motive der Verkehrsteilnahme — Teil 2
Pourguoi dans un botichon piutdt que dans un tram?
Ou les raisons de se déplacer — part 2
1012 VS8 1999/269 (02/00)  |Absturzsicherungen fur Personen sowie Passive 2002
Sicherheit von Tragkonstruktionen der
Strassenausrustung
Protections des personnes contre les chutes et Securité
passive des structures porteuses
1013 SVI|1998/088 (42/98) |Massnahmen zur Erhéhung der Akzeptanz langerer Fuss{ 2002
und Velostrecken
Mesures pour une meilletire acceptation des parcours
piétonniers et cyclables plus longs
1014 SVI1999/321 (37/00)  |Carreiseverkehr: Grundlagen und Perspektiven 2002
Transport de voyageurs par car. Caractéristiques et
perspectives
1015 SVI11998/092 (46/98) |Potentielle Gefahrenstellen 2001
Endroits potentiellement dangereux
1016 ASTRA 2000/411 Larmschirme an Strassen; Akustische Quellenhthe bei 2002
der Berechnung der Hinderniswirkung
Parois antibruit, Hauteur de source du trafic routier pour
le calcui de l'effet d'écran
1017 VSS 1996/032 (14/96) |Tagliche agquivalente Verkehrslast TF verschiedener 2002
Strassentypen in der Schweiz
Trafic pondéral équivalent journalier TF sur divers types
de chaussées en Sufsse
1018 VS8 1996/034 (18/96)  |Volumetrische und mechanische Optimierung von 2002
Splitmastixasphalt
Optimisatfon volumétrique et mécanique des
splittmastixasphaltes
1019 SVI2000/442 Evaluation kurzfristiger Benzinpreiserhéhungen 2002
Evaluation des effects des hausses a court terme du prix
de 'essence
1020 V88 1999/301 Systeme fur die automatische Verkehrskontrolle mit 2002
digitaler Bildtechnik
Systémes pour les controles routiers automatigues avec
traftement d'images numériques
1021 ASTRA 1999/151 |(62/99) |Exploitation des résultats du congrés de Kuala Lumpur et|] 2002
du concours «Infrastructures et Transports pour le 21e
siécle»
Auswertung der Ergebnisse des
Weltstrassenkongresses in Kuala Lumpur und des
Wettbewerbes «Infrastrukturen und Verkehr fur das 21.
Jahrhunderts
1022 ASTRA 2000/447 Erarbeitung der Grundlagen fur eine 2002
Strassenverkehrssicherheitspolitik des Bundes (VESIPO)
Elaboration des fondements d'une palitique nationale de
sécurité routiere (VESIPO)
23.073.0/14.07.2009 Gs Fo SBT
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

1023

ASTRA 2001/060

Erarbeitung der Grundlagen fur eine
Strassenverkehrssicherheitspolitik des Bundes (VESIPO)
Beurteilung betrieblicher und infrastruktureller
Massnahmen

Elaboration des fondements d'une pdlitique nationale de
sécurité routiere (VESIPO)
Evaluation de mesures d'exploitation et d'infrastructure

2002

1024

ASTRA 2001/061

Erarbeitung der Grundlagen fur eine
Strassenverkehrssicherheitspolitik des Bundes (VESIPO)
Prognose der Strassenverkehrsunfalle 2010

Elaboration des fondements d’une paolitique nationale de
sécurité routiere (VESIPO)

Pronostic du nombre des accidents de la circulation
routiére 2010

2002

1025

ASTRA 2001/062

Erarbeitung der Grundlagen fur eine
Strassenverkehrssicherheitspolitik des Bundes (VESIPO)
Beitrag der Verkehrstelematik zu einer
Verkehrssicherheitsstrategie

Eflaboration des fondements d’une paiitigue nationale de
sécurité routiere (VESIPO)

Contribution de la télématique des transports a une
stratégie de sécurité routiére

2002

1026

ASTRA

2001/063

Erarbeitung der Grundlagen fur eine
Strassenverkehrssicherheitspolitik des Bundes (VESIPO)
Wirtschaftliche Bewertung von
Verkehrssicherheitsmassnahmen (WIVSIMA)

Elaboration des fordements d’une palitigue nationale de
sécurité routiere (VESIPO)

Evaluation économigue des mesures de sécurité routiere
{EEMSR)

2002

1027

SVI12000/376

(39/00)

Mischverkehr MIV / OEV auf stark befahrenen Strassen

Circulation mixte TMi / TP sur les routes a trafic élevé

2002

1028

VSS 1985/023

(09/00)

Elektronische Parkgebuhreninkassosysteme mit
dedizierter Nahbereichskommunikation (DSRC)
Systémes d'encaissement électronique de taxes de
parking (DSRC)

2002

1029

VSS 1985/023

(09/99)

Datenaustausch mit dem Road Administration Data
Exchange Format (RADEF) auf dem Trans European
Road Network (TERN)

Echange de données avec le Road Administration Data
Exchange Format (RADEF) sur le Trans European Road
Network (TERN)

2002

1030

ASTRA 1999/145

(53/99)

Schadigungsmechanismen der Betonkorrosion in
Tunnelbauwerken

Mécanismes d'endommagement du béton par 'eau dans
les tunnels

2002

23.073.0/14.07.2009
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

1031

V8§ 1995/023

(17/95)

Verfahren zur Bestimmung der Leistungsfahigkeit, der
Verkehrsqualitat und der Belastbarkeit von
Verkehrsanlagen

Methodes pour les calculs de la capacite, du niveau de
service et des charges compatibles

2002

1032

ASTRA 1999/144

(52/99)

Spritzabdichtungen im Tunnelbau
Etanchéité projetée dans les travaux souterrains

2002

1033

VSS 1999/126

(18/99)

Annaherung und Parallelfuhrung Schiene — Strasse
Abstand und Schutzmassnahmen

Voies de communication du trafic routier et du trafic
ferroviaire - Tracés paralléles ou se rejoignant
Distances minimales et mesures de protection

2002

1034

V8S 1999/255

(21/00)

Heutige und kunftige Transportketten im Guterverkehr:
Analyse und Normierungsbedarf

Les chaines de transport des marchandises actuelles ef
futures: analyse et besoin de standardisation

2002

1035

ASTRA / SRCE

Planches comparatives avec bitumes modifiés et ajouts

Vergleichsstrecken mit polymermodifizierten
Bindemitteln und Zusatzen

2002

1036

VES 1998/071

(04/98)

Stoffliche Zusammensetzung und Beurteilung der
langfristigen Umweltvertraglichkeit von
Sekundarbaustoffen

Composition des matériaux de récupération et
appréciation de leur influence sur l'environnement a long
terme

2002

1037

VS 1996/031

(11/96)

Entwicklung der Griffigkeit von Strassenbelagen
verschiedener Strassentypen in der Schweiz
Développement de l'adhérence de revétements de
chaussées en Suisse

2003

1038

ASTRA 2000/423

Griffigkeit auf Autobahnen

Vergleich der Messergebnisse SRM und SCRIM
Unterhalt 2000, Forschungsprojekt 6

Propriétés antidérapantes aux auforoutes
Relation entre SRM et SCRIM

Entretien 2000, projet de recherche 6

2002

1039

SVI 20001391

(44/00)

Verlasslichkeit als Entscheidungsvariable

Vorstudie

La fiabilité comme variable dans la prise de décision
Etude préliminaire

2002

1040

V8§ 1989/120

(12/99)

Evaluation des Strassenzustandes
Diagnostic d’état des chaussées

2000

1041

V8S 1999/297

(13100}

Grundlagen zur Revision der Norm SN 640 925a inkl.
Schadenkatalog

Etudes de base pour la révision de la norme SN 640
925a y compris le catalogue des dégradations

2002

1042

VS8S 1994/015

(19/94)

Schnittstellen zwischen Strassendatenbanken und Geo-
Informationssystemen

Interfaces entre des bangues de données routiére (BDR)
et des systémes d'information géographique

2003

1043

V8S 1997/051

(13197)

Assiette des giratoires
Kreiselplatte

2002
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

1044

V8§ 1999/122

(14/99)

Récupération du liant bitumineux provenant d'extraction
Mise en application et adaptation de la nouvelle norme
européenne vis-a-vis des expériences suisses

Ruckgewinnung bitumindser Bindemittel aus
Extraktionsliosungen

Ueberprafung und Anpassung der netien EN-Norm an
die schweizerischen Erfahrungen

2002

1045

8VI11999/319

(35/00)

Perspektiven fur kurze Autos
Perspectives pour les mini-véhicules

2003

1046

SVI1 1999135

(41/99)

Strassen mit Gemischtverkehr: Anforderungen aus der
Sicht der Zweiradfahrer

Routes a irafic mixte: les exigences du point du vue de
cyclistes

2003

1047

SV12000/362

Projet Agram

Etude de l'acquisition d’'une géométrie de référence des
axes de maintenance

Base pour la révision des normes VSS SN 640 910, SN
640 911 et SN 640 920, et I'établissement de la norme
sur la gestion des géométries d’axe

Projekt Agram

Beschaffung der Bezugsgeometrie der Unterhaltsachsen
Grundlage fur die Revision der VSS—Normen SN 640
910, SN 640 911 und SN 640 920 sowie f(r die
Erarbeitung der Norm zur Verwaltung der
Achsgeometrien

2003

1048

SV12001/612

Vorstudie zu den Wechselwirkungen Individualverkehr —
offentlicher Verkehr infolge von Verkehrstelematik-
Systemen

Etude préliminaire sur les interactions fransports
individuels — transports en commun suife a la mise en
place de systémes de télématique routiére

2003

1049

V8S 1999/295

Management der Strassenerhaltung (MSE) fur
Strassennetze in Stadten und Gemeinden
Erhaltungsplanung bei Infrastrukturanlagen

Systeme de gestion de l'entretien des réseauix routiers
(SGE) dans les villes et les communes

Planification d'entrefien des instalfations d'infrastructure

2003

1050

V8§ 1989/207

(01/00)

Einfache Kostenkontrolle und -Uberwachung auf der
Baustelle

Suivi et contrdle simple des colts de construction sur le
chantier

2003

1051

V8§ 2000/414

(18/00)

Bewachsene Oberbauten
Superstructures vertes

2003

1052

V8S 1991/003

(22/91)

Fugenabdichtungen

Langzeitverhalten von Fugenvergussmassen aus
Polymerbitumen auf einer Versuchsstrecke

Joint d'étanchéite

Comportement a long terme des joints a base de bitume-
polymeére sur un trongon de route témain

2003

1053

ASTRA 2000/415

23.073.0/14.07.2009

(52/00)

Verifikation von PM10 — Emissionsfaktoren des
Strassenverkehrs

2003
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

Vérification des facteurs d'émission de PM10 du trafic
rouffer

1054

V8§ 1988/079

(20/98)

Geschwindigkeiten in Steigungen und Gefallen
Les vitesses dans les rampes et les pentes

2003

1055

V8S 2000/436

(31/00)

Standardisierte Verkehrsinformation
Normalisation de l'information d'aide & la mobilité

2003

1056

V8§ 2001/101

Volkswirtschaftliche Nutzen und Kosten einer
beschleunigten Realisierung von Autobahnbaustellen
mittels Anreizsystemen

Les utilités et colts économiques d'une réalisation
accélérée des chantiers sur les autoroutes moyenant
l'application de systémes d’incitation

2003

1057

V8S 1996/306

(08100}

Elektronische Verkehrssignale — Voruntersuchung
Sighalisation routiére électronique — pré—étude

2003

1058

V8§ 1985/019

(06/95)

Kélteverhalten von bitumindsen Bindemitteln
Comportement des liants bituminelx a basse
température

2002

1059

V8S 1999/263

Parkleitsysteme

Systemarchitektur und Schnittstellen
Systemes de guidage pour le stationnement
Architecture des systemes et inferfaces

2004

1060

SV12000/444

Lange Planungsprozesse im Verkehr
Das Gras wachst nicht schneller, wenn man daran zieht

Longs processus de planification dans les transports
L’herbe ne pousse pas plus vite si on la tire

2004

1061

ASTRA 2002/009

Site Internet du Comité national suisse de I'AIPCR
(www swissroads.ch)

Website des Schweizer Nationalkomitees des AIPCR
(www. swissroads.ch)

2004

1062

SV11899/326

Auswirkungen von Personal Travel Assistance (PTA) auf
das Verkehrsverhalten

Influence d'un systéme d'aide du type ,Personal Travel
Assistance” sur le comportement des usagers des
transports

2004

1063

SV11999/142

(48/99)

Erfolgskontrolle von Umweltschutzmassnahmen bei
Verkehrsvorhaben

Suivi des mestres dge protection de l'environnement
dans la construction de voirie

2003

1064

V8§ 1997/054

(17/97)

Unfallauswertung: Statistik, Auswertung und Analyse von
Strassenverkehrsunfallen, Massnahmen

Evaluation des accidents: statistique, traitement et
analyse des accidents de la circulation Routiére,
mesures

2003

1065

SVI12001/534

Zeitkostenansétze im Personenverkehr
Valeur du temps concernant le transport des voyageurs

2004

1066

SVI12000/379

Methoden zum Erstellen und Aktualisieren von
VWunschlinienmatrizen im moterisierten Individualverkehr

Méthodes d'estimation et d'actualisation d’'une matrice
d’origine — destination dans la Circulation individuelle
motorisée

2004

1067

VES 1999/256

23.073.0/14.07.2009

Telematikanwendungen im kombinierten Guterverkehr

2004
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

Application de la té&lématique au transport intermodal de
marchandises

1068

V8§ 2000/439

(34/00)

Architecture cadre pour la télématique routiéere
Rahmenarchitektur fur die Verkehrstelematik

2004

1069

V8S 1997/053

(15197)

Projektierung der Grinraume im Strassenraum
Projets d'espaces verts le long des axes routieres

2004

1070

V8§ 1989/290

Projektierung von Guterstrassen und Parkplatzen
Projets de routes rurales et d'afires de stationnement

2004

1071

8V12000/445

(73100}

Determinanten des Freizeitverkehrs: Modellierung und
empirische Befunde
Facteurs déterminant les déplacements lés aux loisirs

2004

1072

8V12000/443

(71/00)

Verfahren von Technology Assessment im
Verkehrswesen

Procédures de TechnologyAssessment dans le domaine
du transport

2003

1073

VSES 1999/110

(02/99)

Erfahrungsbilanz bei der Gestaltung des Strassenraumes
in erhaltenswerten Ortskernen

Aménagement de l'espace routier dans les centres de
localite dignes d'étre sativegardeés

2003

1074

ASTRA 2001/008

Konfliktanalyse bezuglich Vermeidung eines
Versorgungsnotstandes der schweizerischen
Bauwirtschaft mit felsgebrochenen Hartgesteinen zur
Herstellung hochwertiger Bel&ge und Bahnschotter

Analyse des conflits pour éviter des problémes
d'approvisionnement de l'industrie suisse de construction
en roches dures concassées destinées a la production
de revétements de haute gualité et de ballast

2004

1075

VSS 1998/084

(25/98)

Einfluss und Wirkung von Dunnschichtbelagen auf die
In=Situ—Eigenschaften von Asphaltoberbauten
Influence et effets des revétements minces sur les
caractéristiques in situ des Chaussées bitumineuses

2004

1076

V8S 2001/301

Stauzeit statt Staulange
Durée de bouchon au lieu de longueur de bouchon

2004

1077

SVI2001/541

Verkehrsumlegungs—Modelle fur stark belastete
Strassennetze

Madeéles daffectation pour des réseatix fortement
chargés

2004

1078

SV12000/386

Virksamkeit und Nutzen der Verkehrsinformation
Efficacité et bénéfices de l'information routiére

2004

1079

VSES 1998/083

(24/98)

Géometrie tridimensionnelle des voies de circulation
Dreidimensionale Geometrie der Verkehrswege

2004

1080

V8§ 1999/302

Verkehrstelematiksysteme fur das Management von
Gefahrguttransporten

Systemes télématiques pour la gestion des transports de
marchandises dangereurses

2004

1081

VSS 1998/074

(12/98)

Elaboration d'une méthode predictive de I'orniérage des
revétements bitumineux

Erarbeitung einer Methode zur Spurrinnenprognose in
bitumindsen Belagen

2004

1082

V8§ 1999/283

23.073.0/14.07.2009

Beziehung zwischen den Verdichtungswerten
AASHTO—Standard und AASHTO—Modified

2005
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

Corrélation entre les valeurs de compactage
AASHTO-Standard et AASHTO—Modified

1083

V8§ 1989/123

(15/99)

Erarbeiten von Grundlagen zur Festlegung von
Anforderungskennwerten fur den Gyratorversuch
Bases et données pour l'établissement des valeurs
caracléristiques requises pour I'essal de presse a
cisaillement giratoire

2004

1084

VSS 1989/244

Lokal verstarkter Schneegriesel bei tiefem Stratus
(Industrieschnee)

Amplification locale de la chute de neige granulée par
stratus bas (neige industrielle)

2004

1085

FGU 2003/003

Evaluation der Methodik ,Indirekte Vorauserkundung von
wasserfuhrenden Zonen mittels Temperaturdaten® in
Bezug auf Aussagekraft und Nutzen fur den Vortrieb

Evajuation de fa méthade « Prédiction indirecte de zones
de venue d'eau au moyen de données thermiquesy» at
regard des besoins de I'excavation de tunnel

2000

1086

ASTRA 2001/013

Beschlagende Scheiben in Strassentunneln — Synthese

Embuage du pare—brise dans les tunnels routiers —
synthése

2004

1087

V8§ 2002/902

Alpentransitbérse
Abschatzung der Machbarkeit verschiedener Modelle
einer Alpentransitbérse fur den Schwerverkehr

La bourse du transit alpin

2004

1088

SVI2001/631

Mobilitatsdatenmanagement fur lokale Bedurfnisse
Gestion des données de mabilité dans e contexte local

2004

1089

SVI12001/515

Auswirkungen neuer Arbeitsformen auf den Verkehr —
Vorstudie

Effets de nouvelles formes de travail sur le trafic — Etude
préliminaire

2004

1090

V8S 2000/337

Verkehrsqualitat und Leistungsfahigkeit auf Autobahnen

Qualité de service et capacite des autoroutes

2004

1091

VSES 2001/901

Qualitraffic — Qualitat der Verkehrsinformation
Quailitraffic — Qualité de l'information trafic

2000

1002

V8§ 1988/076

(16/98)

Leistungsfahigkeit hochbelasteter Kreisel (Grundlagen)

Capacité des carrefours giratoires encombrés (principes
de base)

2004

1093

V8§ 1996/033

(15/96)

Bases, principes et mesures de modération du trafic et
de valorisation de I'espace routier

Grundlagen, Grundsétze und Massnahmen zur
Verkehrsberuhigung und Aufwertung des
Strassenraumes

2000

1004

V8§ 2000/454

Sicherheit und Komfort von Parkierungsanlagen
Securité et confort des installations de stationnement

2004

1095

ASTRA 2002/005

Intervention bei Branden in Strassentunneln
Interventions lors d'incendies dans les tunnels routiers

2005

1096

SV11999/310

23.073.0/14.07.2009

Wirkungsketten Verkehr—Wirtschaft

2000
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

Interactions entre le transport et I'économie

1097

SV11899/322

Spezialisierung und Vernetzung : Verkehrsangebot und
Nachfrageentwicklung zwischen den Metropolitanréumen
des Stadtesystems Schweiz

Spécialisation et interconnexion: Offre de transport et
évaltition de la demande entre les espaces
métropolitains du réseau urbain Suisse

2005

1098

SV12001/625

Standards fur intermodale Schnittstellen im Verkehr
Standards pour les interfaces intermodales en matiere
de transport

2004

1009

V8§ 1988/078

(17/98)

Evacuation des eaux de chaussées
Bases de calcul du débit (2éme partie)
Strassenbewasserung Grundiagen und
Abflussberechnung

2005

1100

SVI12001/533

Cleaner Drive
Hindernisse fur die Markeinfuhrung von neuen Fahrzeug-
Generationen

2004

1101

V8§ 2001/602

Critéres d'oppurtunité et de choix des installations
automatiques de deverglacages
Zweckmassigkeits- und Auswahlkriterien fir
automatische Taumittelsprihaniagen

2005

1102

V8S 2000/340

Standardisierte Erfassung des
Gesamtverkehrsaufkommens von einzelnen
Verkehrserzeugern

Enregistrement standardisé du volume de trafic global a
partir de générateurs individuels de trafic

2004

1103

VSS 1997/046

(03/97)

Einfluss von Anderungen des Parkierungs-Angebotes auf|
das Verkehrsverhalten

Influence de changements dans l'offre de stationnement
sur le comportement

2004

1104

VSS 2000/366

Parkplatzbedarf und -angebot fur Personenwagen
Besain et offre en cases de stationnement pour les
vaitures de tourisme

2004

1105

8VI12000/446

(74/00)

Spezifische Anforderungen an Autobahnen in stadtischen
Agglomerationen

Specificités autoroutieres dans les agglomérations
urbaines

2004

1106

SV11999/312

Instrumente fur die Planung und Evaluation von
Verkehrssystem-Management-Massnahmen
Instruments de planification et d'évaluation des mesures
de gestion de systéemes de transport

2004

1107

VES 1999/270

Vorbereiche vor Tunneln auf Autobahnen
Zones dapproche des tunnels d'autoroutes

2000

1108

V8§ 2002/703

Abschatzung des durchschnittlichen jahrlichen
VWertverlustes von kommunalen Strassennetzen
Estimation de la dépréciation moyenne annuelle d'un
réseau de routes communales

2005

1109

VSS 1999/293

Optimierungsprozesse im Management der
Strassenerhaltung (MSE)

Processus d'optimisation dans le cadre du Systéme de
Gestion de I'Entretien Routier

2005

1110

V8S 1998/184

23.073.0/14.07.2009

Signalisation variable (de danger et de prescription)
Panneaux a messages variables
Vorschrifts- und Gefahren-Wechselsignale

2005
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

Wechseltextanzeigen

1111

SV11899/143

Trafic de support logistique de grandes manifestations
Betriebsverkehr von Grossanlassen

2005

1112

VSES 1998/085

(26/98)

Bestimmung des Wassersattigungsgrades von
Walzasphalt

Détermination du degré de saturation en eau des
enrobées

2004

1113

VSS 1998/196

Einsatz gelb hinterlegter Signale
Implantation de signauix sur fond jaune

2000

1114

VSS 1999/246

VWirksamkeit des Winterdienstes
Efficacité du service hivernal

2005

1117

VSS 2002/201

Unfalle beim Transport wassergefahrdender
Flussigkeiten
Accidents routiers avec des liquides polluant I'eau

2000

1115

SV12001/607

Angebote und Erfolgskriterien im nachtlichen
Freitzeitverkehr
Trafic de laisirs nocturne

2005

1118

V8S 1999/307

Systeme fur die FahrzeugfUhrerunterstitzung zur
Erhéhung der Verkehrssicherheit

Wirksamkeit und Eignung

Systémes d'assistance au conducteur destings &
l'amelioration de fa sécurite routiere

2005

1119

V88§ 2000/365

Geometrie der Parkierungsanlagen
Géométrie des installtions de statfonnement

2005

1120

§V12001/014

Untersuchung der Stabilitat des Verkehrsverhaltens
Etude de la stabliiité des comportements de
déplacements

2000

1121

V8§ 2001/202

Bankette bestehender Strassen
Bas-cofés de rotes existantes

2006

1122

VSS 20007342

Kosten-Nutzen-Analysen im Strassenverkehr
Analyses cotits/avantages du trafic routier

2006

1123

VSS 1998/188

Essais croisés interlaboratoires en mécanique
des sols et des roches
Ringversuche in Boden- und Felsmechanik

2006

1124

V8S 1999/127

Baustellen an Hochleistungsstrassen
Chantiers sur routes a grand débit

2006

1125

VSS 2002/70%

Sicherheit von Kabelanlagen
Sécurité dans les installations de cablage

2006

1126

V8S 2002/407

Complément d'essais Los Angeles en vue de
I'introduction de la norme européenne

EN 13043 relative aux granulats
Erganzungsverstich Los Angeles zur Einfihrung
der Europaischen Norm EN 13043 entsprechend
den Granulaten

2006

1127

V8§ 1998/189

Ausgestaltung von Terminals fur den
(unbegleiteten) kombinierten
Ladungsverkehr

Aménagement de terminaux pour le transport
combiné (non accompagné)

2006

1128

VSS 1998/193

Verkehrsbeeinflussung an Kreiseln
Influencer le trafic dans les giratoires

2006

1129

V8§ 2000/353

23.073.0/14.07.2009

Flachendeckende Verdichtungskontrolle
(FDVK) mittels bodenmechanischer
Materialkenngrossen

2006

Gs Fo SBT

324




VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

11/189

Bericht-Nr. (Projekt Nr. Alte Nr. [Titel Datum
Contrdle continu du compactage (CCC) a laide
de parameétres géotechniques

1130 ASTRA 2002/011 Bewertung von Qualitdtsmerkmalen im Guterverkehr 2006
Evaluation des atiributs de qualité dans le
transport de marchandise

1131 SVI1999/329 Vor- und Nachlauf im kembinierten 2006
Ladungsverkehr
Parcours inftiatix et terminaux dans le transport
combiné

1132 SVI12001/519 Finanzielle Anreize fur effiziente Fahrzeuge- 2006

Eine Wirkungsanalyse der Projekte VEL2 (Tessin)
und NewRide in Basel und Zurich

Incitations Financieres pour Véhicules Economes
Une analyse de I'efficacité des projets VEL2 (Tessin)
et NewRide (Béle et Ziirich)

1133 VSS 1999/285 Remplacement de I'essai oedométrique standard 20086
(oedometre incrémental) par 'essai CRS
(Constant Rate of Strain)

Ersetzung von Standard-Oedometerversuchen
{Incremental-Oedometer) durch CRS-Oedometer-
versuche

1134 V88 1993/012 Druckfestigkeit von Gesteinskérnungen am 2006
Haufwerk

Résistance a la compression des granuiats en
vrac

1135 VSS 1999/259 Développement de modéles suisses pour la prédiction 2004
de la demande en transport pour des applications
en temps réel

Schatzung Schweizer Verkehrsnachfragemaodelle
unter Berlcksichiigung von Telematiksystemen
1136 SVI2001/535 Reduktionsméglichkeiten externer Kosten des 2006
MIV am Beispiel des Férderprogramms VEL2

im Kanton Tessin

Réductfon des cotits externes du trafic individuel
routier: le cas du programme de promotion VEL2

au Tessin

1137 VSS 2003/201 Diskontsatz in Kosten-Nutzen-Analysen 20086
im Verkehr
Taux d'actualisation pour les analyses colts/avantages
du trafic

1138 V8§ 1998/070 Einfluss schweizerischer Filler auf die Alterung 2006
von bitumindsen Bindemitteln und die Rissbildung
im Belag

Influence des filliers suisses sur le viefllissement
des liants bitumineux et la formation des fissures
dans le revétement

1139 SVI2001/509 Nachhaltigkeit im Verkehr 2005
Indikatoren im Bereich Gesellschaft
Développement durable dans le trafic

Indicateurs socfaux

1140 V88 1999/292 Zerfallzyklen von EM-Anlagen 2005
Durée de vie des installations électromécaniques

1141 V8§ 2000/544 Erhaltungsmanagement: Gesamtbewertung 2006

der Fahrbahnen, Substanz- und

23.073.0/14.07.2009 Gs Fo SBT
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

Gebrauchswert
Gestion de l'entretien: Evaluation globale des
chaussées, valeur intrinséque et d'usage

1142

ASTRA 2000/421-1

Modélisation des charges d'essieu
Modellierung der Axlasten

2000

1143

ASTRA 2000/421-2

Formulation et optimisation des formules
d'enrobes

Mischrezeptur und Optimiertng der bitumindsen
Mischgute

2005

1144

ASTRA 2001/016

Evolution et impact des systémes de
navigation dynamique multimodale

en Suisse

Entwicklung und Auswirkung von multimodalen
dynamischen Navigationssystemen in der
Schweiz

2005

1145

SV12000/378

Fruherkennung von Entwicklungstrends

zum Verkehrsangebot

Identification précoce des tendances évolutives
en matiere d'offre de transport

2000

1146

SV12001/503

Erhebung des Fuss- und Veloverkehrs
Enguéte sur le trafic pietonnfer et cycliste

2005

1147

ASTRA 2001/058

Schadstoffe im Strassenabwasser einer

stark befahrenen Strasse und deren
Retention mit neuartigen Filterpaketen aus
Goetextil und Absorbermaterial

Pailuants dans les eaux de rufssellement d'un
trongon de route avec trafic intense et leur
traitement innovateur avec géotextile et
absorbant granuié

2006

1148

VSS 2000/364

Metaroute

Gestion de la qualité des données du repérage
spatial et de la géométrie des axes routiers
Management der Datengualitat des Raumbezugs
und der Goemelrfe der Strassenachse

2006

1149

V8S 1999/261

Architektur und Zeitaspekte von SVT-Daten
Architecture et aspects temporels des données
de Ja télématigue routiere

2005

1150

VSES 1998/187

Dimensionierung der Fussgangerflachen von
Haltestellen des strassengebundenen

offentlichen Verkehrs

Dimensionnement des zones destinées aux piétons
alx arréts des transports publics sur voirie

2006

1151

SVI12001/545

Publikumsintensive Einrichtungen PE:
Planungsgrundlagen und Gesetzméssigkeiten
Installations a forte fréquentation:

Bases de planification et normes

2005

11562

V8S 2000/360

Besoin en adhérence des revétements de chaussées
Griffigkeitsbedarf von Strassenbelagen

2006

1153

V8§ 2000/412

Schweizerisches Handbuch fur die Konzeption
des Strassenoberbaus
Manuel Suisse de conception des chaussées

2005

1154

ASTRA 2001/053

Strassenlarm in grossen Abstanden
Bruit roufier sur des grandes distances

2006

1155

VSS 2001/602

23.073.0/14.07.2009

Zweckmassigkeits- und Auswahlkriterien

2000
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

fur automatische Taumittelspruhanlagen
Critéres d'opportunité et de choix des installations
automatiques de déverglagage

1156

VSS 2002/404

Screening moderner chemisch-physikalischer
Analysemethoden fur bitumindse Baustoffe
Screening des méthodes d'analyse chimico-
physiques pour des matériaux bitumineux

2006

1157

SV12004/015

Error Propagation in Macro Transport Models
La propagation d'erreurs dans les macro modéles de
transport

2006

1158

SV12003/003

Verkehrstechnische Beurteilung multimodaler
Betriebskonzepte auf Strassen innerorts
Evaluation technigue de concepts d'explotation
multimodaux pour routes urbaines

2006

1159

V8§ 2001/50%

Geohydraulische Versuche in Fels
Essais géohydrauiliques dans la roche

2006

1160

OFROU 2003/00%

Evaluation de la sécurité du trafic par
microsimulation
Bewertung der Verkehrssicherheit mit
Mikrosimulation

2000

1162

ASTRA 1996/039

Tonminerale und Sulfate als Ursache fur
druckhaftes Verhalten von Gesteinen
Ursachen und Wirkungen des Quellvorganges
Les minéraux argfleux et les sulfates - origine
de pressions développées par des roches
Qrigine et effets du processus de gonflement

2000

1163

VSS 2000/466

Larmimmissionen von Parkierungsanlagen
Immissions de bruit dinstallations de stationnement

2006

1164

SVI12000/388

Kernfahrbahnen auf Ausserortsstrecken
Chatissées a vofe centrale banalisée hors des
localités

2006

1165

SV12002/001

Fussgangerstreifenlose Ortszentren
Centres de localité sans passages pour piétons

2006

1166

ASTRA 2004/009

Uberpriifung der VSS-Normen hinsichtlich
Relevanz und Defiziten bezuglich Verkehrssicher-
heit

Analyse de la pertinence et des insuffisances des
normes VSS relativement a la sécurité

2006

1167

SV12001/623

Road Pricing Modelle auf Autobahnen und in
Stadtregionen

Modieles de péages routiers sur les autoroutes
et dans les régfons urbaines

2006

1168

SV12001/524

Entkopplung zwischen Verkehrs- und Wirtschafts-
wachstum

Découplage entre accroissement du trafic et
croissance économique

2006

1169

VES 1989/265

Systeme fur die automatische Verkehrs-
Uberwachung (Monitoring) mit digitaler
Bildverarbeitung

Systémes de surveillance automatique du trafic
{monitorage) par le traitement digital dimage

2006

1170

VSS 2003/902

23.073.0/14.07.2009

Schweizerische Bedurfnisse fur den Austausch
von Verkehrsinformatonen in Europa
Exigences suisses pour I'échange d'information

2006
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

routiére en Eurcpe

1171

VSS 1992/005

Kalibrieren, Vergleichen und Harmonisieren der
Griffigkeitsmessungen und der Oberflachenrauhigkeits-
messungen mit internationalen Institutionen
(AIPCR-Ringversuch 1992)

Calibrage, comparaison et harmonisation des mesures
d'adhérence et de la texture des couches de rotlement
avec les institutions internationales

2006

1172

SV12004/013

Genderfragen in der Verkehrsplanung Vorstudie
Genre et mobilité, étude préliminaire

2006

1173

V8S 1999/240

Vernetzung von Lebensraumen bei der
Gestaltung von Verkehrstragern

Les réseaux des habitals lors de I'aménagement
des voies de trafic

2006

1174

ASTRA 2006/012

Alpentransitbérse: Untersuchung der
Praxistauglichkeit

La bourse du transit alpin: Etude de faisabilité
pratique

2007

1175

ASTRA 2004/012

Landschaftszerschneidung Schweiz
Zerschneidungsanalyse 1885-2002 und
Folgerungen fur die Verkehrs- und Raumplanung
Morcellement du paysage en Suisse

Analyse du morcellement 1885-2002 et
implications pour la planification du trafic et
l'aménagement du territoire

2007

1176

SV12002/002

Verfahren zur Bertcksichtigung der Zuverlassig-
keit in Evaluationen

Procédure de prise en compte de la fiabilité dans
les évaluations

2007

177

SV12001/004

Uberlegungen zu einem Marketingansatz im
Fuss- und Veloverkehr

Réflexions sur une approche marketing pour le
trafic piétonnier et cycliste

2007

1178

SV12001/542

Konfliktanalyse beim Mischverkehr
Analyse de confiits pour des sftuations de
circulation mixte

2007

1179

ASTRA 2002/012

Wirkung von Schallschirmen bei Inversionslagen
und Wind

Efficacité des écrans sonores lors d'inversions
de température et par temps de vent

2007

1180

V8§ 2001/501

Kombinierte Belage

Belagsuberzuge auf Betondecken, Kompositbelage
Structures mixtes

Resurfagages sur chatissées en béton et structures
composites

2007

1181

VSS 1989/291

Zustandsbewertung von EM-Anlagen
Evaluation de 'état des instalfations électromécaniques

2007

1182

ASTRA 2000/422

Unterhalt 2000, Forschungspaket 4: Dauerhafte Belage

Unterhait 2000, paguet de recherche 4: Revétements
durables

2007

23.073.0/14.07.2009
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Bericht-Nr. (Projekt Nr. Alte Nr. [Titel Datum
1183 V88 2000/453 Zusammenhang zwischen PAK-Gehalt in teerhaltigem 2007

Recycling-Granulat und in den emittierten Dampfen
beim Wiedereinbau

Relation entre la teneur en HAP des granulats recyclés
renfermant du goudron et celle des vapeurs émises lors
1184 ASTRA 2004/010 Prise en compte du développement durable lors des 2007
prestations de recherche et de normalisation de la VSS

Einbindung der Nachhaltigkeit in die Normungs- und
Forschungsvorhaben des VSS

1185 V88 1999/280 Mechanical properties of porous asphalt, 2006
recommendations for standardization

Mechanische Eigenschaften von offenporigem Asphall,
Empfehlungen far die Normierung

1186 V88 2005/911 Akzeptanz von Mobility Pricing 2007
Acceptation du Mobility Pricing
1187 VSS 2005/912 Bedeutung von Mobility Pricing far die 2007

Verkehrsfinanzierung der Zukunft
Importance du Mobility Pricing pour le financement futur
des transports

1188 VSS 2005/913 Importance de projets pilotes pour le Mobility Pricing 2007
Bedeutung von Mobility Pricing Pilotverstichen

1189 VSS 2005/916 Verkehrstechnische Aspekte des Mobility Pricing 2007
Aspects techniques de circulation du Mobility Pricing

1190 VS8 2005/917 Auswirkungen des europaischen elektronischen 2007

Mautdienstes auf die Schweiz

Effets du péage Electronigue Européen sur la Suisse
1191 SVI2005/004 Einbezug von Reisekosten bei der Modellierung des 2008
Mobilitatsverhaltens

Intégration des frais de déplacements dans jla
modeélisation du comportement de mobilité
1192 V88 2003/201 Datenverarbeitung fur eine verkehrstréagerubergreifende 2008

Mobilitatssteuerung

Traitement de données pour une gestion de la
mobilité basée sur linteropérabilité des modes de
déplacement

1193 ASTRA 2004/008 Swiss Contribution to Eureka Project 2007
Logchain Footprint EI2486
Schweizer Beitrag zu Eureka Project
Logchain Footpring EI2486

1194 VSS 2005/914 Systemtechnische und betriebswirtschaftliche 2007
Aspekte des Maebility Pricing

Aspects technologiques et d'exploitation du
Mobility Pricing

1195 VSS 2005/503 Lanzeiterfassung des Schichtenverbunds - Relation 2007
zwischen Prufwert nach Einbau und Langzeit-verhalten
Performance a long termes de la liaison entre les
couches des revétements bitumineux

1196 VS8 1999/277 Profung von Haftklebern 2007
Preuves du résultat des émulsions pour couches
d'accrochage
1197 SVI2004/096 Ausgestaltung von multimodalen Umsteigepunkten 2007
Equipement des points de transfert multimodaux
1198 SVI2001/539 Uberbreite Fahrstreifen und zweistreifige Schmalfahr- 2007
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

bahnen
Voies de circulation extra-larges ef chaussées étroites
a deux voles de circulation

1199

V8§ 2005/204

Externe Kosten im Strassenverkehr: Grundlagen zur
Durchfuhrung einer Kosten-Nutzen-Analyse

Couts externes du trafic routier. Principes pour la
réalisation d'une analyse colfs/avantages

2007

1200

VSS 2005/205

Ermittlung reprasentativer Betriebskostensatze fur
Kraftfahrzeuge zur Bewertung von Massnahmen im
Strassenverkehr

Calcul des colts uniftaires représentatifs d'utilisation
des automobiles en vue de I'évaluation

des mesures en matiere de circulation routiere

2007

1201

VSS 2003/601

Optimierung der Verkehrsicherheit und des Verkehrs-
flusses im Winter durch den Einsatz moderner
Kommunikationstechnologie im Strassenbetrieb
Optimiser la sécurité et e trafic routier en hiver par
I'utilisation de moyens de communication modernes
dans la gestion routiere

2007

1202

VSS 1999/298

Grundlagen zur Revision der Griffigkeitsnormen
Bases pour la révision des normes sur 'adhérence

2007

1203

VSS 2005/304

Verkehrsregelungssysteme- Grundlagen fur das
Erhaltungsmanagement

Les systémes de régulation du trafic - les bases pour
la gestion de I'entretien

2008

1204

SV12000/384

Fahrten- und Fahrleistungsmodelle: Erste Erfahrungen

Les systémes de contingentement des trajets. Les
premiéres expériences

2007

1205

FGU 2004/001

Die zerstorungsfrefe Unfersuchung von Leckstellen
in zweischaligen Unferfagbauwerken

L ‘étudle non destructive de points de fuite dans des
olivrages souterrains a deux parois

2006

1206

ASTRA 2006/019

Short-term Forecasts for Transport Models
Prévision a coutt terme pour les modéles de transport

2007

1207

VSS 2003/602

Securité routiére: Importance du paysage dans la
lisibilite de la route

Strassensicherheft: Bedeuifung der Landschaft-
gestaltung fur die Lesbarkeit der Strasse

2007

1208

SVI12005/005

Quantitative Auswirkungen von Maobility Pricing
Szenarien auf das Maobilitatsverhalten und auf die
Raumplanung

Effets quantitifs des scénarios du Mobility Pricing
sur la mobilité et le développement territorial

2007

1209

V8§ 2005/901

Einfluss von Fahrerassistenzsystemen auf die
Leistungsfahigkeit von Strassennetzen

Influence des systemes d'assistance a la conduite
sur la capacité des réseaux routiers

2008

1210

V8§ 2005/915

Organisatorische und rechtliche Aspekte des
Mobility Pricing

Aspects organisationnels et juridiques du Mobility
Pricing

2007

1211

V8§ 1998/192

Minikreisel
Mini-giratoires

2008
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

1212

V88 2007/501

D-A-CH - Forscungsprojekt Nutzungszeiten
offenporiger Asphaltdeckschichten

D-A-CH - Prgjet de recherche

Durabilite des revéfements en enrobé drainant

2007

1213

V8S 2002/706

NAVARQU Potentiel d'utilisation des données
routiéres de la navigation automobile pour l'entretien
routier

Patenzial der Nutzung von Fahrzetignavigationsdaten
fur das Strassenverkehrsmanagement

2008

1214

V8S 2004/901

Darstellung und Verwendung von Verkehrssignalen
in Strassendatenbanken

Implementation and use of traffic signs in road
databases

2007

1215

V8S 2000/456

Bewirtschaftungssysteme fur Parkierungsanlagen
Concepts de gestion et d'exploitation d'installations
de statfonnement

2008

1216

VSES 1998/19%

Fur Motorfahrzeuge und leichte Zweirader befahrbare
und fur den Fussgangerverkehr ganz oder teilweise
zugangliche Streifen in der Mitte der Fahrbahn
(Mehrzweckstreifen)

Voies de circuiation en milfeu de chaussee destinees
au trafic motorisé et au trafic des deux-roues légers,
partiellement ou entiérement accessibles au trafic
des piétons (voies a affectation variable)

2008

1217

§V12006/001

Forschungspaket "Guterverkehr",

Initialprojekt "Bestandesaufnahme und
Konkretisierung des Forschungspakets"

Paguet de recherche “fransport de marchandises”,
projet inftial "inventalre et concrétisation du paguet
de recherche"

2008

1218

VS 1989/271

Querungen fur den Fuss- und leichten Zweiradverkehr
Traversées a l'usage des piétons et des deux-roues
légers

2008

1219

V8S 2003/603

Faunagerechte Sanierung von bestehende
Gewasserdurchlassen

Adaptation des voitages pour la petite faune terrestre
et la faune piscicole

2008

1220

VSES 2005/910

Mobility Pricing
Synthesebericht
Mobility Pricing
Rapport de Synthése

2007

1221

ASTRA 2004/019

Maladies et causes d'absences dans le service
d'entretien des routes
Diseases and reasons for absences in the road
maintenarce services

2008

1222

SV12004/074

Freizeitverkehr innerhalb von Agglomerationen
Trafic de loisirs dans les agglomérations

2008

1223

V8§ 2003/302

Auswirkungen und Massnahmen im HVS-Netz

bei Rampenbewirtschaftung

Répercussions et mesures sur le réseau des rolites
principales en présence d'une gestion des rampes

2008

1224

V8§ 1999/276

23.073.0/14.07.2009

Filler - Influence des phyllosilicates pour ['utilisation
dans la construction routiere
Fuller - Einfluss von Schichtsilfkaten far die
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Gs Fo SBT

331



VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Riickwartsrechnung

18719

Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

Verwendung im Strassenbau

1225

SV119899/328

Gesetzmassigkeiten des Anlieferverkehrs
Caractéristigues du transport de Iivraison

2008

1226

ASTRA 2003/007

Kommunale Strassennetze in der Schweiz: Formen
neuer Public

Private Partnership (PPP) -

Kooperationen fur den Unterhalt

Réseatix routiers communatix en Suisse:

Formes de nouveaux partenariats publics-privés (PPP)-
cogpérations pour 'entretien

2008

1227

V8S 2004/601

Umweltbauabnahme (UBA)
Réception environnementale des travaux (RET)

2008

1228

SV12001/508

Mobilitatsmuster zukunftiger Rentnerinnen und
Rentner:

eine Herausforderung fur das Verkehrssystem 20307
Mobilite des futurs retraftés - un défi pour le

systeme des transport en 20307

2008

1229

SVI12004/081

Modal Split Funktionen im Guterverkehr
Fonctions de répartition modale pour le trafic de
marchandises

2008

1230

8VI12004/020

Monitering und Controlling des Gesamtverkehrs in
Agglomerationen

Monitoring et controlling de l'ensemble du trafic dans
les agglomérations

2008

1231

8VI12004/045

Mobilitatsmanagement in Betrieben-
Motive und Wirksamkeit

Gestion de la mobilité dans les entreprises-
motifs et efficacité

2008

1232

ASTRA 2005/008

Low Power Wireless Sensor Network for Monitoring
Civil Infrastructure

Drahtloses Sensornetzwerk zur Infrastrukturiberwa-
chung

2009

1233

ASTRA 2000/420

Unterhalt 2000

Forschungsprojekt FP2

Dauerhafte Komponenten

bitumenhaltiger Belagsschichten

Components durables des couches bitumineux

2009

1234

VSS 2006/504

Expérimentation in situ du nouveau drainomeétre
européen

In Situ Validierung des neuen européischen
Drainometers

2008

1235

VSES 2004/711

Forschungspaket
Masssnahmenplanung im

EM von Fahrbahnen

Standardisierte Erhaltungsmassnahmen
Mesures d'entretiens standardisées

2008

1236

ASTRA 2008/008_7

Analytische Gegentberstellung der Strategie-
und Tatigkeitsschwerpunkte ASTRA-AIPCR
Analyse Comparative des accents stratégiques
et des champs d‘action prioritaires de 'OFROU
et de 'AIPCR

2008

1237

VSS 2007/903

Grundlagen fur eCall in der Schweiz
Bases pour eCall en Suisse

2009
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Bericht-Nr.

Projekt Nr.

Alte Nr.

Titel

Datum

1238

VSS 2005/303

Verkehrssicherheit an Tagesbaustellen und bei
Anschlussen im Baustellenbereich von Hochleistungs-
strassen

Sécurité routiére pour chantiers de courte durée et aux
jonctions dans la zone d'un chantier de route a grand
debit

2008

1239

V8§ 2000/450

Bemessungsgrundlagen fur das Bewehren mit
Geokunststoffen

Bases de dimensionnement pour le renforcement
par géosyntétigues

2009

1240

ASTRA 2002/010&
2005/009

L'acceptabilité du péage de congestion: Résultats et
analyse de l'enquéte réalisée en Suisse

Die Akzeptanz von Geblhren zur Vermeidung von
Stau auf Strassen: Resultate und Analysen von
Untersuchungen in der Schweiz

2009

1241

ASTRA 2001/052

Erhdhung der Aussagekraft des LCPC
Spurbildungstests

Amélioration des informations fournies par 'essai
d'orniérage LCPC

2009

1242

V88 2005/451

Recycling von Ausbauasphalt in Heissmischgut:
Initialprojekt

Recyclage des matériaux bitumeux de démalition
dans les enrobés & chaud. projet initial

2007

1243

V8§ 2000/463

Kosten des betrieblichen Unterhalts von Strassen-
anlagen
Les codts de l'entretien courant des routes

2008

1244

VSS 2004/714

Masssnahmenplanung im Erhaltungsmanagement
von Fahrbahnen

Gesamtnutzen und Nutzen-Kosten-Verhaltnis von
standardisierten Erhaltungsmassnahmen
Bénéfice total - rapport avantages / colts des
mesures d'entretien standardisées

2008

1246

VS8S 2004/713

Massnahmenplanung im Erhaltungsmanagement
von Fahrbahnen

Bedeutung Oberflachenzustand und Tragfahigkeit
sowie gegenseitige Beziehung fur Gebrauchs- und
Substanzwert

Influences et interactions de l'état de surface et de la
portance sur fa valeur intrinségue et la valeur

d'usage

2009
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