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Abstract

Abstract

Seismic events in alpine areas have a high impact on the society. According to the U.S.
Geological Survey, 9182 casualties were caused by the two major earthquakes from April
24™ and May 12" 2015 from Nepal, a country with predominantly rough topography. These
were major events of M = 7.3 — 7.8, but even moderate earthquakes can cause serious
damage, landslides and rockfalls in such areas, prone to topographical amplification of the
ground motion or soil liquefaction.

In this context, mitigating the impact of earthquakes in alpine areas represents an essential
task for geotechnical earthquake engineers. The accomplishment of this task is based on the
analysis of the dynamic non-linear soil behaviour and its influencing factors using field,
laboratory, and numerical investigations. Subsequently, these investigations create the
possibility to develop methodologies for the evaluation of the seismic behaviour of inclined
geotechnical structures (e.g. slopes, dams, and embankments) for practical applications in
design or verification processes. The objective of this work was to make a contribution to
geotechnical earthquake engineering and earthquake mitigation in alpine areas subjected to
moderate seismicity, such as the Swiss Alps.

A laboratory testing programme was initiated, in the frame of existing field measurements, to
create a solid core of parameters related to the static and dynamic response of silty sand, a
widely spread soil in the alpine areas. The investigations were performed on soil obtained
from the town of Visp VS, located in the Rhone valley that belongs to the most seismically
active region in Switzerland. Static and cyclic triaxial compression tests, and bender element
measurements, represented the base of the laboratory testing. Standard (i.e. static axial
compression) and advanced stress paths (e.g. sequences of consecutive cyclic loading
stages, representing consecutive seismic events) were used to analyse the influence of
cyclic loading and stress history on the soil response.

Following the laboratory investigations, a set of numerical analyses were conducted to study
wave propagation in alpine areas, local seismic amplification, and soil-structure interaction.

In this sense, a benchmark-type of study was performed to facilitate the appropriate choice of



Abstract

seismic amplification analyses, using a specific section of the Rhone valley in Visp. Different
types of amplification analyses were presented, emphasising their main advantages and
disadvantages. A solution to the usually computational demanding non-linear ground models
for large numerical analyses was suggested in the form of a hybrid model, incorporating a
linear elastic and a non-linear section, according to the expected soil behaviour.

The possibility of investigating effects of soil-structure interaction with reduced computational
effort and commonly available commercial software was also explored. An alternative
procedure was presented in this framework for the determination of Rayleigh coefficients,
used to model soil damping in numerical analyses. Subsequently, the river dams along the
Rhone, which require retrofitting measures (i.e. installation of impermeable diaphragm walls
or sheet piles), were investigated from the point of view of seismic stability.

Unfortunately, the planned field measurements were delayed by unexpected difficulties
related to site identification, acquisition, and receipt of installation permits. However, a novel
seismic monitoring system was successfully installed in August 2015, in the area of Visp,
incorporating borehole and free-field strong-motion sensors, a Shape-Acceleration-Array
(SAA), and a set of pore pressure sensors installed to a depth of 15 m. This complex setup
allows the wave propagation from the bedrock to the surface, and its effects (e.g. 3D
deformations and pore pressure variation in the soil layers below the surface) to be
monitored in real-time

Finally, the practical application of the performed investigations in the earthquake mitigation
in alpine areas is presented in the form of a displacement-based method of evaluation of the
seismic behaviour of inclined geotechnical structures. The approximation of expected
seismic displacements was made possible for structures such as dams, embankments, and
slopes, located in areas of moderate seismicity. This method is currently being incorporated
in the Swiss code SIA 269/8 (2016) and will serve the purpose of maintaining existing

geotechnical structures as part of the public safety.
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Zusammenfassung

Seismische Ereignisse im alpinen Bereich haben wesentliche Auswirkungen auf die gesamte
Gesellschaft. Gemass dem amerikanischen geologischen Institut (USGS) wurden 9182
Todesopfer durch die zwei starken Erdbeben von 24. und 12. April 2015 in Nepal, ein Land
das Uberwiegend durch Gebirgstopographie gepragt ist, verursacht. Diese Beben waren
Starkbeben der Magnitude M = 7.3 — 7.8. Auch moderate Erdbeben, wie sie in der Schweiz
auftreten kdnnen, haben das Potential grosse Schaden, Hangrutschungen, oder Felsstirze
in Gebieten, die durch mdgliche Amplifikationen der lokalen Erschitterung oder
Bodenverflissigung geféhrdet sind, zu verursachen.

In diesem Zusammenhang ist die Erdbebenvorsorge und die Einschrankung der durch
Erdbeben verursachten Auswirkungen im alpinen Bereich eine wesentliche Aufgabe des
geotechnischen Erdbebeningenieurswesens. Diese Aufgabe wird durch Feld-, Labor- und
numerische Untersuchungen des dynamischen nicht-linearen Bodenverhaltens und dessen
Einflussfaktoren erfillt. Im Nachhinein entsteht aus diesen Untersuchungen die Méglichkeit
Methoden fir die Abschatzung des seismischen Verhaltens unter alpinen Randbedingungen
zu finden und fir geneigte Erdbauwerke (z.B. Bdschungen, Einschnitte, Damme) ein
Bemessungs- oder Uberprifungsverfahren zu entwickeln, welches fir die praktische
Anwendung tauglich ist. Das Ziel dieser Arbeit war es damit einen Beitrag zum
geotechnischen Erdbebeningenieurwesens und der Erdbebenvorsorge im alpinen Bereich
mittlerer Seismizitat (z.B. Schweizer Alpen) zu leisten.

Mit dem Ziel einen umfassenden Satz von statischen und dynamischen Bodenparameter fiir
den im alpinen Bereich weit verbreiteten siltigen Sand zu schaffen, wurden eine Reihe von
Laboruntersuchungen im Zusammenhang mit bestehender Feldmessungen durchgefiihrt.
Der Boden fir die Laboruntersuchungen wurde aus Visp VS, eine Stadt im Rhonetal, die in
der hochsten Erdbebenzone in der Schweiz liegt, gewonnen. Statische und zyklische
triaxiale Kompressionsversuche und Messungen mit Bender-Elementen haben die
Grundlage der Untersuchungen gebildet. Einfache (d.h. statische axiale Kompression) und

komplexe (d.h. aufeinanderfolgende zyklische Belastungsschritte, die zeitlich

Xi
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aufeinanderfolgende Erdbeben darstellen) Spannungspfade wurden verwendet, um den
Einfluss der Spannungs- und zyklischen Belastungsgeschichte auf das Bodenverhalten zu
untersuchen.

Nach den Laboruntersuchungen wurde eine Reihe von numerischen Untersuchungen, die
sich auf die Wellenausbreitung, die lokale seismische Amplifikation und die Boden-Bauwerk-
Wechselwirkung in alpinen Talern konzentriert haben, durchgefihrt. In dieser Hinsicht wurde
ein Vorgehen zur seismischen Standortanalyse durch eine Benchmark-Studie an einem
spezifischen Schnitt des Rhonetals in Visp aufgezeigt. Unterschiedliche Standortanalysen
und deren Vor- und Nachteile wurden fir diesen Zweck vorgestellt und durchgefihrt. Eine
Lésung fur die rechenaufwendigen nicht-linearen Analysen grosser Modelle wurde in der
Form eines Hybridmodells mit am erwarteten Bodenverhalten angepassten linear-
elastischen und nicht-linearen Abschnitten hergeleitet.

In selben Zusammenhang wurde die Mdglichkeit die Auswirkungen der Boden-Bauwerk-
Wechselwirkung mit reduziertem Rechenaufwand und allgemein verfligbarer kommerzieller
Software zu erfassen erforscht. Im diesen Rahmen wurde auch eine alternative Methode fur
die Bestimmung der bei der Modellierung der Bodenddmpfung verwendeten Rayleigh-
Beiwerte entwickelt. In den letzten Berechnungen wurde die seismische Stabilitat der
Rhonedamme, die Nachristungsmassnahmen (d.h. Einbau von Dichtwénden im
Dammkaorper) bedirfen, analysiert.

Die Felduntersuchungen wurden leider durch unerwartete Schwierigkeiten bei der
Identifizierung des optimalen Orts fir die Messstation und der Erhaltung des Landstiicks und
der bendétigten Baubewilligungen verzogert. Jedoch wurde August 2015 eine neuartige
Messstation in der Nahe von Visp installiert. Unterschiedliche Messgerate und Geber wurden
dabei eingerichtet: Bohrloch- und Freifeldstarkbebenmessgerate, eine SAA-Inklinometerkette
und eine Kette von Porenwasserdruckgeber in regelmassigen Abstanden bis in einer Tiefe
von 15 Metern. Diese komplexe Einrichtung der Messstation erlaubt die Echtzeitaufnahme
der Wellenausbreitung vom Felshorizont bis zur Oberflache und deren Auswirkungen (z.B.
3D Verschiebungen, Variation der Porenwasserdruck in den oberen Bodenschichten) im

Rhonetal.
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Anschliessend wurde eine verformungsbasierte Methode fir die Abschéatzung des
seismischen Verhaltens geneigter Erdbauwerke wie auch natdrlicher Hange im alpinen
Bereich entwickelt. Dadurch wurde die Abschatzung der erwarteten seismischen
Verformungen bei Dammen, Einschnitten und Bdschungen unter Bedingungen mittlerer
Seismizitat ermdglicht. Die Methode wird in die zukinftige Schweizer Norm SIA 269/8 (2016)

eingefihrt und fur die Erhaltung bestehender Erdbauwerke verwendet werden.
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1. Introduction

1. Introduction

1.1. Motivation

Earthquakes represent a serious recurrent threat to the society. According to the US
Geological Survey (USGS), in 2015 there were a total of 14’588 earthquakes of magnitude M
> 4 globally. The seismic activity in 2015 was similar to that of previous years, in which an
average of 14’500 events were recorded annually. The number of very strong earthquakes of
magnitude M > 7.0 was 19, close to the average rate since 1900 of around 18 events per
year (Koontz, 2016). However, the United Nations Office for Coordination of Humanitarian
Affairs reports a seriously increased number of casualties caused by earthquakes, from 664
in 2014 to 9612 in 2015, adding that the majority of these were caused by the M > 7 events
on April, 25" and May, 12" in Nepal.

The earthquakes have a strong impact, not only in the highly seismically active zones, but
also in countries with moderate seismicity such as Switzerland. According to Fah et al.
(2011), in the past seven centuries four events of magnitude M > 5.5 occured every 100
years in Switzerland and two of them caused severe damage. A graphical representation of
the seismicity in the canton Valais (the most active zone in Switzerland) can be seen in

Figure 1.1.

0

N° of earthquake with magnitude above ~6

Figure 1.1. Seismicity in the Valais (Fah et al., 2011).



1. Introduction

Earthquake related damage is not caused by the seismic activity alone, but can be
exacerbated by a combination of unfavourable factors, as is the case in Valais. These can
include: rough topography, unstable and steep slopes, deep valleys filled with alluvial
deposits, and liquefiable soils. These factors overlap with high population density and an
increased degree of industrialisation, which raises the threat of earthquakes to the society.

Under these circumstances, it is the responsibility of earthquake engineers to mitigate the
impact of earthquakes by means of more accurate evaluation and prediction of the seismic
action, seismic design of geotechnical and civil structures, and proper verification of existing
infrastructure. The motivation of this current research is to substantiate this responsibility in
the context of alpine areas. As previously mentioned, the combination of moderate seismic
hazard and unfavourable factors in the alpine areas leads to significant challenges for
seismic design and verification. Issues such as soil liquefaction, lateral spreading, landslides,
high local amplification of ground motion, or collapsing infrastructure cannot be excluded and

have to be taken into account.

1.2. Main challenges of geotechnical earthquake engineering in alpine areas

For weak ground motions during small seismic events, soil behaviour is linear and the stress-
strain relations can be represented using Hooke’s law. However, during large events, the soil
behaviour becomes non-linear with a curvilinear stress-strain dependency (Seed & ldriss,
1970).

The identification and quantification of dynamic non-linear soil behaviour represents one of
the main challenges of geotechnical earthquake engineering. These effects combine to
determine the seismic hazard, as defined by seismologists (e.g. Giardini et al., 2004), and
influence design and verification methods in structural and geotechnical engineering.
Dynamic non-linear soil behaviour is not a trivial matter by far and it is essential to
incorporate it together with these methods for both high and moderate seismic hazard areas.
As Beresnev (1996) said, “the significance of non-linear soil behaviour in seismically induced
dynamic loading has been a controversial issue among seismologists and geotechnical

engineers for decades. The central question of the discussion is whether soil amplification is



1.2. Main challenges of geotechnical earthquake engineering in alpine areas

amplitude dependent.” The concept of strain amplitude dependent soil response is well-
accepted (Seed & Idriss, 1970; Finn, 1991; Okur & Ansal, 2007) in geotechnical earthquake
engineering. This gains more momentum in engineering seismology as well, due to
expanding networks of strong-motion arrays and increasing quality of data. Evidence of non-
linear soil behaviour was obtained by analysing the response of sites subjected to weak and
strong motions (Trifunac & Todorovska, 1996; Field et al., 1997; Wen et al., 2011; Régnier et
al., 2013). Moreover, local properties of the subsoil determine the intensity of earthquakes
(Bard, 1994) and depending on them, ground motion amplification and pore pressure
increase may occur. This can subsequently trigger secondary effects, such as landslides,
rock falls, or soil liquefaction. Under these circumstances, laboratory investigations for the
determination of local properties of typical soils available in alpine valleys are essential.
Related to this first challenge, the identification of the main factors influencing the dynamic
non-linear soil behaviour is also very important. These may include effective confining
pressure, void ratio, overconsolidation ratio (OCR), or plasticity characteristics, which have
been proven to influence the dynamic soil properties (Seed & ldriss, 1970; Zen et al., 1978;
Kokushu et al., 1982; Dobry & Vucetic, 1987; Sun et al., 1988). In addition to these, the
stress history of the soil has also an influence on the dynamic behaviour.

Dobry & Vucetic (1987) showed e.g. that the reduction of the shear modulus after cyclic
loading becomes more significant with increasing OCR. According to Hyde & Ward (1986), a
reduction of the undrained strength takes place after cyclic loading. Andersen et al. (1976),
Yasuhara & Andersen (1989), and Yasuhara et al. (2003) also investigated the post-cyclic
degradation of material stiffness and strength. Considering this, the influence of such factors
needs to be investigated for the local soils under the specific boundary conditions of the
alpine environment (e.g. formation of alluvial deposits, stress states in inclined slopes, typical
soil types, typical cyclic loading scenarios, etc.)

A further challenge of geotechnical earthquake engineering is the identification and
calibration of numerical models for the estimation of seismic ground motion. This implies a

sound basis of field measurements to compile a ground model with appropriate boundary
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conditions, and a set of reliable laboratory investigations to determine the parameters of the
constitutive models.

Previous studies (e.g. Roten et al., 2007) exposed how difficult these investigations can be,
but they also discussed how useful the results are in the pursuit of mitigating the impact of
earthquakes on society. Knowing that topographical conditions and deep sediment layers
can change the characteristics of ground motions (e.g. Geli et al.,, 1988; Gazetas et al.,
2002), an accurate estimation of the design seismic hazard can be reached using local
seismic response analyses (e.g. Roten et al., 2007; Hashash et al., 2010).

Moreover, the seismic design of infrastructure objects can be improved using numerical
studies related to the seismic behaviour of geotechnical structures (e.g. Papalou & Bielak,
2004; Siyahi & Arslan, 2008) or to soil-structure interaction (e.g. Psarropoulos et al., 2005;
Anastasopoulos et al., 2010). In this context, the challenge identified is to perform similar
numerical studies adapted to the alpine environment.

Field measurements connect knowledge about soil behaviour gained in the laboratory,
numerical investigations, and evaluation methodologies, by validating all of them. The
purposes of field measurements include the determination of wave propagation in complex
topographic structures (Roten et al., 2008) and the verification of thresholds for non-linear
behaviour (Wu et al., 2010). Another use of field measurements is the calibration of complex
soil models for more accurate predictions of soil behaviour (Mercado et al., 2011). Finally,
field measurements can also be used to develop and validate different seismic evaluation
methodologies (Newmark, 1965). In this regard, they are an important element and complete
the overall view of the seismic hazard in alpine areas.

The final challenge in the context of earthquake engineering is the development of
standardised evaluation methodologies for the seismic behaviour of inclined geotechnical
structures (i.e. dams, slopes, embankments, etc.). It was recognized that e.g. steep natural
valleys can induce a great risk to local infrastructure and building stock (Chigira et al., 2010).
Standardised seismic evaluation methodologies based on large sets of seismic data simplify
the design and verification processes (e.g. Anderson et al., 2008) and mitigate this risk. The

need for such methodologies is high, considering that the seismic behaviour of inclined
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geotechnical structures can have a significant influence on the impact of an earthquake in
alpine areas.
Summarizing, four different challenges were identified in relation to geotechnical earthquake
engineering in alpine areas:
1. Identification and quantification of dynamic non-linear soil behaviour and its main
influencing factors.
2. ldentification and calibration of numerical models for seismic analyses.
3. Field investigations adapted to capture the specific seismic effects in alpine areas.
4. The development of standardised evaluation methodologies for the seismic behaviour
of inclined geotechnical structures.
The outcome of dealing with these challenges extends beyond the scientific domain and has
direct implications in economic and social areas. The impact of earthquakes in the alpine
environment can be mitigated by providing a more accurate evaluation and prediction of the
seismic action, better seismic design of geotechnical and civil structures, and more reliable

verification of existing infrastructure.

1.3.  Structure of the thesis

1.3.1. General concept

The general concept of the thesis resulted from the distribution of the above-mentioned
challenges into four main sections:

1. The first section deals with laboratory investigations. This relates to the first
challenge, which accounts for the identification and quantification of dynamic non-
linear soil behaviour and its influencing parameters like e.g. previous cyclic loading.

2. The second section contains numerical investigations, and is related to the challenge
of identifying and calibrating numerical models.

3. The third section relates to the field investigations in alpine areas, as introduced by

the third challenge.
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4. In the final section, displacement-based methods for the evaluation of the seismic
behaviour of inclined geotechnical structures materialise the practical outreach from
the research dimension to the world of practice.

Each of the sections includes one or more scientific articles addressing specific challenges
with direct applications to the alpine environment (Figure 1.2). The normal approach should
have started with field investigations followed by laboratory and numerical investigations.
This however was not possible due to major difficulties encountered during the preparation
stage of the field measurements. On the one hand, the task of finding a site available for
seismic instrumentation was very difficult and it involved serious time delays. On the other
one, the formal process of authorising the drilling of the boreholes was slower than expected
and included supplementary hydrogeological surveying, delaying the project with more than
1.5 years. Under these circumstances the laboratory and numerical investigations were

performed before the field measurements to avoid any additional delays.
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1.3. Structure of the thesis

In the following paragraphs a brief summary of the sections succeeding this introductory part
is presented to provide a better overview of the research topics by means of short
descriptions of the articles included in each section.

1.3.2. Laboratory investigations

The laboratory investigations section includes one article called “Aspects of Dynamic
Material Behaviour of Alpine Silty Sand” by Marin, A., Weber, T.M and Laue, J. This
summarises the laboratory investigations performed on alpine silty sand, which is often found
in the geological structure of alpine river basins. The investigations start with the soail
classification according to USCS and continue with the determination of the maximum shear
stiffness by testing the speed of shear wave propagation using bender-elements. Further on,
the influence of the loading history on the stiffness and strength parameters was
investigated, and in a final step, the development of pore-water pressure during cyclic
loading and its influence on the strength parameters was analysed. The results proved that
the loading history and the pore pressure development cannot be neglected when
investigating the impact of earthquakes in alpine areas. Soil parameters for advanced
constitutive models, which can be used in subsequent numerical investigations, are the
outcome of the investigations.

The concept of this paper was formulated by the first author who joined together the results
from various laboratory investigations, interpreting and merging them in one unitary work.
The first stage of investigations, which created the context for more advanced testing, was
performed and interpreted by the second co-author. The second stage of investigations
related to bender-element measurements, loading history effects, and pore pressure
development under advanced stress paths was planned and coordinated by first and the
third co-author.

1.3.3. Numerical investigations

The numerical investigations section includes three articles, out of which one was published
in German and can be found in Appendix Il.

The first article has the title “One and Two-Dimensional Site Response in the Rhone Valley”

by Marin, A., Habegger, R. and Laue, J. Its topic is related to the influence of topographical
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conditions and deep sediment layers on the characteristics of local ground motion. The
investigations were performed using a common numerical software package (PLAXIS 2D,
Brinkgreve et al., 2014) and explored the possibility of non-linear modelling with limited
resources. The parameter sets used for the constitutive models were determined based on
laboratory and field investigations. Different methods of analysing the site response were
compared by investigating their applicability range and appropriateness in different modelling
situations, aiming for a more accurate evaluation and prediction of the local seismic action.
The next article, called “Modelling of Soil-Structure Interaction in Alpine Regions” by Marin,
A., Laue, J. and Mezger, F. was revised and it contains the first attempts to investigate
seismic amplification and soil-structure interaction. These attempts were the first steps made
with numerical modelling and they incorporate strong simplifying assumptions related to the
local seismic hazard and soil behaviour. Some of the interpretations of the results may be
simplistic, but even so, this represented the starting point of the further development of the
numerical investigations presented in this section. The article contains, however, important
information related to the definition of material damping in dynamic analyses using iteratively
determined Rayleigh coefficients. Interesting results related to the kinematic soil-structure
interaction and to the earth-pressure distribution during cyclic loading are shown to
emphasise the possibility of capturing such effects, even under the limitations of the
simplifying assumptions.

The last article, which was published in German, can be found in Appendix Il and the
translation of the title is: “Retrofitting Measures for the Rhone Dams” by Marin, A. This is
another practical application of investigations related to local site amplification and seismic
behaviour of river dams. The purpose of this article was to perform the verification of existing
dam infrastructure, facilitating subsequent measures of earthquake mitigation in this way.
The focus was the seismic analysis of retrofitting measures (i.e. insertion of steel sheet-piles
and mixed-in-place walls) required to ensure the retention of water without causing erosion of
the old flood protection dams along the Rhone in Switzerland. The results showed that the

overall behaviour of the dams is not affected by the installation of retrofitting measures and
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revealed the main differences between the seismic behaviour of sheet-piles and mixed-in-
place walls.

1.3.4. Field investigations

This section includes one article related to field measurements: “Installation and
Instrumentation of a Long-term Seismic Monitoring System in the Rhone Valley” by Marin, A.,
Laue, J. and Fah, D. The field work performed to install a long term monitoring station in the
most seismically active area in Switzerland (canton Valais) is presented. Three different
types of recording instruments were installed in different boreholes in cooperation with the
Swiss Seismological Service: strong-motion sensors recording accelerations at different
depths and at the surface, a Shape Acceleration Array (SAA) measuring the seismic
response of surface layers of alluvial deposits, and a multi-level piezometer array measuring
the development of pore pressures at different depths. The first measurements showed that
even small earthquakes (e.g. M = 3.1) caused pore pressure increase in the saturated silty
materials. The data provided by this monitoring system enables the calibration and validation
of numerical investigations of non-linear soil behaviour and liquefaction.

1.3.5. Practical outreach

The last section contains one publication which was revised before incorporating it in the
thesis. This represents the outcome of the research performed in the design and verification
practice. The article is called “Displacement-Based Seismic Analysis of Slopes, Dams, and
Embankments” by Marin, A. and Laue, J. As the title suggests, this article presents the
possibility to overcome the drawbacks of limit equilibrium calculations in seismic design and
verification of slopes, dams, and embankments, using displacement-based concepts. The
approach presented is founded on Newmark’s method (1965) for the estimation of
displacements and uses the international experience to define a procedure for the
displacement-based seismic analysis in countries with moderate seismic hazard (e.g.
Switzerland). The evaluation of the seismic behaviour of inclined geotechnical structures in
terms of displacements becomes more accessible using the defined procedure. This very
important in the alpine environment, where seismic behaviour of such structures often

determines the level of risk associated with an earthquake. The concepts of displacement-
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based seismic analysis of geotechnical structures presented are currently being implemented
in the Swiss design codes and guidelines (SIA 269/8, 2016). However, the discussions
related to the final form of these concepts in the codes are still in progress.

In addition to this article, supplementary information related to the displacement-based
methodologies is presented in Appendix | under the title “Evaluation of the Seismic
Behaviour of a Natural Steep Slope”. The main purpose was to provide a verification
example for geotechnical engineers dealing with the issue of unstable slopes. Usually, such
structures are difficult to approach using standard methods recommended by design codes.
The steps required by a sound evaluation of the seismic behaviour are presented together
with the assumptions that should be taken into account. Nonetheless, the final form of the
verification steps might slightly change, depending on the development of the ongoing
discussions related to the displacement-based concepts in the Swiss codes. This also
represented the main reason for not incorporating this information in the main body of the
thesis.

1.3.6. Conclusions and outlook

The final concluding section of the thesis reiterates the scope of the investigations performed
and closes the gap opened in the introductory part by showing how the main challenges
were approached and resolved. This section is followed by an outlook specifying in which
direction future investigations in the field of geotechnical earthquake engineering in alpine

environment should advance.
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Abstract

Alluvial deposits consisting of alternating layers of granular materials, such as silty sands,
are very often encountered in alpine areas, but also on or near the ground surface in areas of
meandering rivers elsewhere. Modelling a reliable surface response of a seismic action for
design purposes implies a complete investigation of the soil behaviour aiming at two goals
given by the requirements of the modelling process. On the one hand, the specific features of
the soil behaviour have to be identified and a suitable constitutive model to represent them
has to be chosen. On the other one, the parameters required by the constitutive model have
to be determined and their mechanical compatibility with the modelled results has to be
verified. This paper investigates the silty sand from Visp (canton Valais, Switzerland) to
determine the ground motion response in the Rhone Valley. Special attention is given to
investigations such as shear wave velocity determinations and triaxial tests which represent

a good framework for the characterisation of dynamic soil behaviour.

Keywords: silty sand, dynamic behaviour, laboratory investigations, earthquake engineering,

alpine environment.
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2.1. Introduction

The soil behaviour during an earthquake is complex and depends on the magnitude of the
seismic waves. The behaviour is elastic for excitations at small strains and becomes highly
non-linear as the strains increase. This non-linearity is usually shown by the decreasing
shear stiffness and increasing damping ratio of the soil with the increasing shear strains

(Figure 2.1).

Shear modulus
Damping ratio

Shear strain y Shear strain Y _

Figure 2.1. Shear stiffness reduction curve damping dependence on shear strains (after Studer et al.,
2008).

Non-linear soil behaviour can have various effects on the seismic wave propagation, such
as: reduced amplification and lower resonance frequencies (Beresnev et al., 1995a; 1995b),
extreme amplification of the vertical component (Aoi et al., 2008), or highly frequent
horizontal acceleration peaks in saturated dense soil with dilatant behaviour (lai et al., 1995;
Archuleta et al., 2000; Kamae et al., 1998). The effects of these mechanisms on seismic
amplification usually overlap with complex three dimensional basin effects, which make the
exclusive contribution of non-linear behaviour to the seismic action debatable, at least in the
case of moderate to strong earthquakes.

Nevertheless, a complete set of laboratory investigations complements available field
observations and measurements, and it represents a valuable basis for a sound investigation
of such effects. Laboratory investigations are also the basis for numerical simulations aiming
to capture non-linear soil behaviour.

This current laboratory investigation begins with the general soil description by means of the
grain size distribution and general index parameters. Subsequently, the characterisation of
the dynamic behaviour implies the determination of the shear stiffness and its non-linear

variation along the relevant range of shear strains. An important element of the
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characterisation is the analysis of different factors influencing the strength and stiffness

parameters of the soil, such as loading history, pore pressure development, etc.

This paper focuses on various laboratory experiments performed to describe the dynamic

behaviour of the silty sand from the Visp area in Switzerland thoroughly (Figure 2.2). This is

an alluvial soil deposited along the Rhone Valley from its source to where it flows in the Lake

Geneva. The laboratory investigations were performed in two stages:

The first stage incorporated extensive laboratory testing carried out within the framework
of the research project Earthquake Shaking in Alpine Valleys (SHAKE-VAL) (Roten et al.
2005; 2008, Weber et al. 2007) conducted at ETH Zurich by the Institute for Geotechnical
Engineering (IGT) and the Swiss Seismological Service (SED). The tests were performed
at IGT using silty sand samples obtained from a construction site at the train station in
Visp. The main purpose of the project was to identify the seismic response of narrow
alpine valleys filled with sediments and to derive the input parameters of a complex
constitutive model for the cyclic mobility of soil (lai et al., 1990; lai et al., 1993, Bonilla et
al., 2000, Roten et al., 2009).

The second stage consisted of laboratory investigations performed on a sieved fraction of
the silty sand from Visp (d < 0.5 mm) (Geiser, 2013; Scheiwiller, 2013; Fatzer, 2014). The
reason for investigating this material fraction is its frequent occurrence in the local alpine
geology in the shape of entire layers or localised lenses. The investigations studied
influencing parameters of the maximum shear stiffness, effects of the loading history on

the soil behaviour, and pore pressure development during cyclic loading.
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Figure 2.2. Alternating layers of silty sand and gravel layers in the Visp area (after Weber et al., 2007).

2.2.  First stage of laboratory testing
2.2.1. General material description
The soil obtained from Visp was classified as SP-SM (silty sand) according to USCS, based

on the sieve analysis performed by Weber et al. (2007) (Figure 2.3).
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Figure 2.3. Grain size distribution of the SP-SM Visp sand (after Weber et al., 2007).

The minimum density of the SP-SM Visp sand pgmin = 1.30 g/cm® was determined using the
standard method A according to the ASTM 4254 (2006), while the maximum density pqmax =
1.72 g/cm® was obtained using the method 1B (ASTM 4253 2006). The specific density of the
soil grains, determined using a helium pycnometer, is ps = 2.80 g/cm?.

Standard axial compression tests were performed on specimens with relative densities

between 35 - 62 %. There was no cohesion between the particles of the investigated soil.
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The maximum friction angle ¢@’'max= 37.4° (eaxia = 15 - 20 %) and the value at constant volume
0o = 35.7° (eaxia = 25 %) were determined using the gradient values of the critical state lines
1.52 and 1.44, respectively, shown in Figure 2.4 and relationship (2.1).

— M 2.1)
3-sing'
where M — gradient of the critical state line.

¢’ — soil friction angle.
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Figure 2.4. Stress paths for triaxial compression tests — solid lines represent consolidated drained tests
(CD) and dashed lines represent consolidated undrained tests (CU) (after Weber et al., 2007).

2.2.2. Cyclic behaviour of the silty sand in Visp

The cyclic behaviour of the SP-SM Visp sand was investigated within the SHAKE-VAL
project in terms of pore pressure development. Quasi-static undrained cyclic triaxial test were
performed using fully saturated reconstituted samples that were subsequently isotropically
consolidated. The samples were cyclically loaded with constant amplitude of deviator stress,
until 5 % peak to peak deviatoric strain was reached. The cell pressure was kept constant
during testing. Figure 2.5 shows a typical set of results from a cyclic loading test: the stress
path of the test in the g-p’ diagram (Figure 2.5a) and the pore pressure development during

cyclic loading (Figure 2.5b). The tested sample with a relative density Dp = 38 %, close to
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0 kPa was not

2.2. First stage of laboratory testing

+ 12.5 kPa. A loading function symmetric to g

possible due to limitations of the testing device. The peak to peak deviatoric strain of 5% was

reached after 35 cycles, when, due to the pore pressure increase, the mean effective stress

that determined from field measurements, was placed under a cell pressure of 100 kPa and

significantly decreased and the sample entered the cyclic mobility state.
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Figure 2.6. Shear modulus (G) reduction curves and damping ratio values (D) depending on shear strain
from triaxial compression and resonant column tests on reconstituted SP-SM Visp sand (Weber et al.,
21
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2. Aspects of Dynamic Material Behaviour of Alpine Silty Sand

2.3. Second stage of laboratory testing

2.3.1. General aspects

The finer fraction (d < 0.5 mm) of the SP-SM Visp sand was sieved (92 % of the entire mass)
and used in the second stage of laboratory testing. The soil was classified as SM, and its
grain size distribution is shown in Figure 2.7. The angular and sub-angular shape of the soil

particles can be seen in Figure 2.8.
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Figure 2.7. Grain size distribution of the SM Visp silty sand (d < 0.5 mm).

Figure 2.8. Shape of the soil particles for the SM Visp silty sand (d < 0.5 mm).

2.3.2. Maximum shear stiffness determination

The maximum value of the shear modulus G« represents a key parameter in seismic
analyses related to earthquake amplification and soil-structure interaction. The determination
of this value, usually associated with small shear strains in the range of 0.001 %, is based on
resonant column tests or bender element measurements. The first measurements, obtained
using bender elements with clay and sand specimens, were performed in the triaxial shear
device by Lawrence (1963; 1965) and more recent advances were presented by e.g. Viggiani

& Atkinson (1995), Mohsin & Airey (2003) or Bonal et al. (2012). The concept, however, has
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2.3. Second stage of laboratory testing

remained more or less the same since then. Shear waves are transmitted through a soil
specimen subjected to different confining pressures, and the travel time of the waves is
determined. The shear wave velocity is calculated by assuming that the height of the soil
specimen is also the travel length of the shear waves. The shear wave velocity is then
proportional to the shear stiffness of the soil (Timoshenko & Goodier, 1951):
G=vS -p (2.2)
where vs — shear wave velocity [m/s]

p — soil density [kg/mq].
Geiser (2013) used a triaxial device with bender elements installed on the base and top
plates. He prepared reconstituted specimens using the SM Visp silty sand (d < 0.5 mm), with
relative densities between Dp = 14 - 95 %. The very loose specimen was obtained by water
pluviation and the very dense one by dry compaction. Two kinds of measurements were
performed: initially the shear wave velocity was determined for different levels of confining
stress, by increasing the pressure in the triaxial cell; subsequently, measurements were
performed during shearing of the soil specimen (axial compression) to identify the eventual
influence of developing shear bands. The overview of the tests performed can be found in

Table 2.1.

Table 2.1. Overview of the bender element tests performed on SM Visp silty sand (d < 0.5 mm).

Test Initial relative density Dp Initial conditions Comments
Test1 82 % p'o = 25.2 kPa Isotropically consolidated,
9 = 0 kPa drained increase of the

confining stress

Test 2 14 % p'o = 33 kPa Ko-consolidated, undrained
go = 29.4 kPa static axial compression
Test 3 95 % p'o = 35 kPa; Ko-consolidated, drained
Qo = 21.2 kPa increase of the confining
stress

23



2. Aspects of Dynamic Material Behaviour of Alpine Silty Sand

The results of the different tests were compared with the relationship determined by Weber
et al. (2007) for the loose to medium dense SP-SM Visp sand.
G= VSZ -p= 280-(p'+100kPa) (2.3)
where vs- shear wave velocity [m/s]

G - shear modulus [kPa]

p - soil density [g/cm?]

p’ - mean effective stress [kPa].
This relationship (2.3) is based on bender element measurements performed after the
isotropic consolidation step under initial conditions (p’ = 50, 100, and 150 kPa), before the
axial compression of the soil specimens.
Additionally, the curve suggested by Seed & Idriss (1970) for the stress dependency of the

shear modulus was also used to validate the consistency of the data:

G=Vv} p=220-K,-\[o,’ (2.4)
where K; - coefficient for the influence of the void ratio and strain amplitude

om = P’ — mean effective stress [kPa].
The shear wave velocities vary between 150 — 550 m/s depending on the mean effective
stress. The relationship suggested by Seed and Idriss (1970) fits well with the measured
values, but tends to provide lower values in the range of high average stresses (Figure 2.9).
The values also correlate with the shear wave velocity profiles determined by Burjanek et al.

(2011) using ambient noise measurements in the Visp area.
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Figure 2.9. Results of the bender element measurements on SM Visp silty sand (d < 0.5 mm).

The shear wave velocities measured by Geiser (2013) during Test 2 are comparable with the
regression curve suggested by Weber et al. (2007) that was developed for loose to medium
dense SP-SM Visp sand. For higher mean effective stresses (p’ > 600 kPa) the values
measured by Geiser are lower than the regression suggested by Weber. This can be a hint
about the influence of shear bands, which started to form towards the end of the axial
compression test. However, clear evidence of this effect could not be found, since the
relationship suggested by Weber was developed based on measurements at lower mean
effective stresses (p’ = 50 — 200 kPa).

Tests 1 and 3, in which the specimens were subjected to an increase of the confining stress,
show very similar results, despite the differences related to consolidation conditions. The soil
specimen in Test 1 was isotropically consolidated, while that from Test 3 was consolidated
under K, conditions. Nevertheless, the results of the two tests are in same range, due to the
similar relative densities of the specimens, and fit with the relationship provided by Seed &
Idriss (1970) for K, = 65.

2.3.3. Influence of the loading history on the stiffness and strength parameters

The effect of the loading history on the stiffness and strength parameters should not be
neglected in the process of modelling situations of subsequent events recurring during short

time intervals (e.g. an earthquake and its aftershocks). Previous investigations on similar
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2. Aspects of Dynamic Material Behaviour of Alpine Silty Sand

soils subjected to undrained cyclic loading showed a reduction of the post-cyclic shear
strength (Hyde & Ward, 1986) and shear modulus (Dobry & Vucetic, 1987; Matsui et al.,
1980).
A series of laboratory investigations were performed by Scheiwiller (2013) to analyse the
effects of a uniform cyclic loading on the post-cyclic strength and stiffness of the soil. A
hybrid loading scenario, involving a sequence of static and dynamic loading was used to
investigate these effects.
The following loading stages were conducted in each hybrid test (Figure 2.10):

¢ Consolidation under K, conditions (Step 1).

e Strain-controlled static axial compression to a4 = 1 % (Step 2).

e Force-controlled cyclic axial loading by applying 40 cycles of constant amplitude g =

40 kPa (Step 3).

e Strain-controlled static axial compression to £ = 20 % (Step 4).
This set up provided the appropriate boundary conditions for the identification of the different
effects of the cyclic loading on the soil behaviour. The differences between the results of the
hybrid and static testing were closely analysed.
The overview of the tests performed using a cyclic triaxial device on dry samples is given in

Table 2.2.
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Figure 2.10. Generic stress path in the time domain of the hybrid triaxial test in axial compression on SM
Visp silty sand (d < 0.5 mm) (after Scheiwiller, 2013).
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Table 2.2. Overview of the compared tests on SM Visp silty sand (d < 0.5 mm).

Test Relative density Dp Initial conditions Comments
Test 4 (hybrid) 79 % p’ =90.3 kPa Ko-consolidated, drained
q=82.1kPa hybrid triaxial test in axial

compression, intermediate

cyclic loading g = + 40 kPa

Test 5 (static) 81 % p’ =91.0 kPa Ko-consolidated, drained

g = 88.4 kPa static axial compression

A first effect of the cyclic loading on the soil behaviour noted in the literature is the reduction
of the maximum deviatoric stress (Yasuhara et al., 2003). The dynamic loading cycles cause
crushing of some of the sail particles and lead to a reduction of dilatancy (Bolton, 1986). The
reduced dilatancy is then directly related to a reduced value of the maximum friction angle
and a reduced maximum deviatoric stress. In other words, the dilatant potential of the soil is
reduced by the effects of the cyclic loading, and the post-cyclic maximum static strength is
therefore lower. In this regard, the strength parameters have to be carefully assessed in
situations when a certain sequence of hazards is analysed (i.e. seismic aftershocks).

During Test 5 (static) a maximum value of deviatoric stress of 370 kPa was obtained, while
during Test 4 (hybrid) a slightly smaller value of 350 kPa was reached. These values
correspond to maximum friction angles of 48.2° for the static case, and 47.3° for the hybrid
one. A reduction of the deviatoric stress of 5 % corresponds to a reduction of the maximum
mobilised friction angle of just 1°. Under these circumstances, it can be assumed that the
influence on the maximum strength parameters is marginal. However, the softening of the
soil was observed to occur more rapidly due to cyclic loading and the strain range, where
dilatancy is available, is smaller.

As a conclusion, for the SM Visp silty sand (d < 0.5mm), the reduction of the strength
parameters caused by previous loading can be neglected when considering subsequent
hazards such as an earthquake aftershock. Nevertheless the reduction of the strain range

where dilatancy is available has to be taken into account (Figure 2.11).
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Figure 2.11. Typical results of the static and hybrid drained triaxial tests on SM Visp silty sand (d < 0.5
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The other effect of cyclic loading investigated was the change of stiffness. Unless a pore
pressure increase takes place, the post-cyclic stiffness is expected to be higher through the
densification of the soil fabric. The values of the axial stiffness E (Young’'s Modulus) were
measured during the hybrid loading tests before cyclic loading, at the beginning of the first
static loading stage (Step 2 - Figure 2.10) and after cyclic loading, at the beginning of the
second static loading stage (Step 4 - Figure 2.10).

Typical results are presented in Figures 2.12 and 2.13. The scattered points represent raw
measurements from the data-logger, and the curves represent the average regression,
together with the upper and lower bounds. The stiffness determinations at small strains were

made graphically by calculating the slope of the tangent to the average regression.
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Figure 2.12. Determination of the pre-cyclic axial stiffness (Step 2 in Figure 2.10) on SM Visp silty sand (d
<0.5mm).
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Figure 2.13. Determination of the post-cyclic axial stiffness (Step 4 in Figure 2.10) on SM Visp silty sand
(d <0.5 mm).

An increase of the E-Modulus by a factor of 4 can be observed by summarizing the results of

Test 4 (hybrid) presented in the diagrams above. In terms of shear wave velocities, the pre-

cyclic axial stiffness of Eye cyic = 69.4 MPa corresponds to a shear wave velocity of

Vs pre_cycic = 130 m/s, whereas the value increases t0 Vs post cyaic = 270 m/s after the cyclic

loading. The densification of the soil fabric during cyclic loading has a strong influence on the

shear wave velocity.

2.3.4. Influence of the pore pressure increase on the stiffness and strength
parameters

The evolution of pore pressure during and after cyclic loading was investigated as well

(Fatzer 2013). Similar studies performed by De Alba et al. (1976), Seed & Booker (1977) or

Egglezos & Bouckovalas (1998) analysed the development of dynamic pore pressure and

suggested analytical relationships for its dependency on the number of loading cycles.

The loading scenarios used by Fatzer (2013) partially overlapped with those assumed by

Scheiwiller (2013), and were completed by new approaches. Initially, a set of static-dynamic-

static hybrid tests were performed, as described before (see Figure 2.10), with fully saturated

samples under undrained conditions (Figure 2.14):

e K, consolidation

e Strain-controlled axial compression to exia = 1 % (Step 1)
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o Force-controlled cyclic loading by applying two sets of 40 cycles of constant
amplitude of g = £ 10 kPa and q = + 20 kPa (Steps 2 and 3)
e Strain-controlled axial compression to eaa = 25 % (Step 4).

An overview of the static-dynamic-static hybrid tests performed can be seen in Table 2.3.

Table 2.3. Overview of the performed static-dynamic-static hybrid tests on SM Visp silty sand (d < 0.5
mm).

Test B-Value Relative density Initial Comments
[-] Dp conditions
Test 6 0.95 55 % p’ =107.8 kPa

q=0kPa All tests:

e |sotropic consolidation

Test 7 0.98 62 % o’ = 1055 kPa e undrained axial compression
q=OkPa togaxialzl%
e undrained cyclic axial
Test8  0.97 69 % p'=107.1kPa  '0ading: 40 cyclesof g =2
q=0kPa 10 kPa and g = + 20 kPa
¢ undrained axial compression
Test9  0.97 76 % p'=107.2kPa [0 faia=25%
g=0kPa
250
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yd

100 //
(3) /
(Z)\ 7

0
0 500 1000 1500 2000 2500 3000
Time [s]

'_\
a
o

Deviatoric stress g [kN/m?]

a
o

Figure 2.14. Generic stress path in time domain of the hybrid tests on SM Visp silty sand (d < 0.5 mm).

The development of excess pore pressure expressed with the ratio r, = Au / o, can be plotted

against the axial strain. An increase of the pore pressure to 50 % of the confining pressure
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was observed during the initial static axial compression. The cyclic loading induced an
additional increase to 70 % of the confining pressure, and from this level all samples
exhibited a dilatant behaviour during the second static axial compression stage, associated
with a drop of the pore pressure. A graphical representation of the test results for the hybrid

tests can be seen in Figure 2.15.
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Figure 2.15. Development of pore pressure during the static-dynamic-static hybrid tests on SM Visp silty
sand (d < 0.5 mm).

Subsequently, dynamic tests were performed in which an intermediate release of the pore
pressure in the sample was included (Figure 2.16):
e |sotropic consolidation.
e Force-controlled cyclic axial loading by applying two sets of 40 cycles of constant
amplitude (q = + 20 kPa and g = + 30 kPa) (Steps 1 and 2).
e Release of 50 % of the accumulated excess pore pressure (Step 3).
o Force-controlled cyclic axial loading by applying sets of 40 cycles of constant
amplitude starting with g = + 30 kPa and increasing it stepwise until failure is reached
(Steps 4 - 8).

An overview of the performed dynamic tests can be seen in Table 2.4.
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Table 2.4. Overview of the performed dynamic tests on SM Visp silty sand (d < 0.5 mm).

Test B-Value Relative density Consolidation Comments
[] Dp Pressure
Test 10 0.95 57 % p’ = 98.8 kPa All tests:
g =0kPa e Isotropic consolidation
e undrained cyclic axial
Test 11 0.95 69 % p’ = 98.4 kPa loading: 40 cycles of q ==
g =0kPa 20 kPa and q = + 30 kPa
o release of 50% of the pore
0 "=
Test 12 0.96 57 % p’ =97.5 kPa pressure
g =0 kPa _ _ _
¢ undrained cyclic axial
loading: 40 cycles of g=4%
Test 13 0.97 68 % p’ = 95.3 kPa .
30 kPa; + 40 kPa; etc. until
=0 kPa . .
q failure is reached
60
40
(1) Force-controlled cyclic axial loading
§ 20 3 with constant amplitude g = + 20 kPa.
g 0 (2) — Force-controlled cyclic axial loading
§ with constant amplitude q = + 30 kPa
2 20 (3) — Release of 50% of the accumulated
240 pore-pressure
g Test data Fatzer (2013)| (4) — Force-controlled cyclic axial loading
-60 0 100 200 300 480 580 600 with constant amplitude g = + 30 kPa
120 (5) — Force-controlled cyclic axial loading
(7 ® with constant amplitude q = + 40 kPa
4
) (6) — Force-controlled cyclic axial loading
E 80 — Confining pressure with constant amplitude g = £ 50 kPa
—Pore-
% ore-pressure 6) (7) — Force-controlled cyclic axial loading
§ with constant amplitude g = + 60 kPa
[%]
g_:’ 40 ®) (8) — Force-controlled cyclic axial loading
@ 3 (4) with constant amplitude g = + 70 kPa
(1)
Test data Fatzer (2013)|
0 f f
0 100 200 300 400 500 600
Time [s]

Figure 2.16. Generic stress path in time domain of the dynamic tests with 50% pore pressure release on
SM Visp silty sand (d < 0.5 mm).
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The results of the dynamic tests were used to calibrate the relationship for the evaluation of
the pore pressure increase for a given number of cycles, proposed by Seed & Booker (1977)

and further developed by Egglezos & Bouckovalas (1998; 1999):

L
Au(N) = % .o~ arcsin [ N2 . sin [% Aul(l)]] (2.5)

o oct

where N — number of cycles [-]

Au(N) — pore pressure increase after N cycles [kPa]

o’ oot — effective consolidation pressure [kPa]

b, — empirical constant

Au(l) — pore pressure increase after the first cycle [kPa].
The increase of pore pressure after the first cycle is the key element in the evaluation of pore
pressure development during cyclic loading. This depends on consolidation pressure,
amplitude of the cyclic shear stress and void ratio, as shown by Egglezos & Bouckovalas
(1998):

b, by
Au(1)=B-Pa-["P°Ct] ( Tﬁ“] g™ (2.6)
t

a O-OC

Where Au(1) — pore pressure increase after the first cycle [kPa]

B, b,, bs, b, — material and test dependent parameters [-]

P, — atmospheric pressure [kPa]

o’ oot — effective consolidation pressure [kPa]

Ty — half of the amplitude of the cyclic deviator stress [kPa]

e — void ratio [-].
The parameters B, b,, bs, b, were calibrated for the SM Visp silty sand (d < 0.5 mm) for the
specific conditions of the dynamic tests 10 - 13 (6ot = 95.3 — 98.8 kPa, 1¢c = 9.2 kPa — 24.47

kPa and Dp =57 % - 69 %) and the resulting values are shown in Table 2.5.
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Table 2.5. Parameter set for the evaluation of the pore pressure increase after the first loading cycle for
the SM Visp silty sand (d < 0.5 mm).

Parameter Calibrated value [-]
B 0.5
b 0.7
bs 1.6
b, 0.5

The values of the pore pressure increase measured after the first cycle in steps (1), (2), (4),

(5) and (6) (see Figure 2.16) of the dynamic triaxial tests and those predicted using

relationship (2.6) with the parameters given in Table 2.5 are shown in Figure 2.17. The

correlation between measured and the predicted values indicates the possibility of making

reliable approximation of the expected pore pressure increase using the parameters

calibrated.
100 : —
¢ Test 10: 6'yy = 98.8 kPa, Dp = 57% s
A Test1l: o'y = 98.4 kPa, Dp = 69% e
5 e Test12: o'y = 97.5 kPa, Dp = 57% P
= 10 | Test 13: o'yt = 95.3 kPa, Dp = 58% _ o
= -
El ¥ .
< /,///Q ¢ Ae .
° - =
E - A
3} -
= 1 —= n A
&) o
o 7 —predicted = measured
» - predicted = 0.5 x measured
—-—-predicted = 2 x measured
0.1 i
0.1 1 10

Measured Au(1) [kPa]

100

Figure 2.17. Measured and predicted values of the pore pressure increase after the first loading cycle for
the SM Visp silty sand (d < 0.5 mm).

The development of the pore pressure increase in the subsequent loading cycles was fitted

using the values measured in the dynamic tests. The empirical constant b;, which determines

the development of the pore pressure with the number of cycles, varies with the amplitude of

the cyclic stress ... The results of the calibration show data scattered around the average

value b; = 1.39 (Figure 2.18).
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Figure 2.17. Values of the empirical constant b, for different cyclic stress amplitudes for the SM Visp silty

sand (d < 0.5 mm).

The development of pore pressure for the SM Visp silty sand (d < 0.5 mm) with relative

densities Dp = 50 - 70 % can be predicted using relationships (2.5) and (2.6) and the

calibrated values of the constants B, by, by, b, and b;. Figures 2.18 — 2.19 show some typical

results comparing the measured and the predicted pore pressure development before (step

2) and after the pore pressure release (step 4) in Test 10, for the given set of constants.

Higher values of the pore pressure increase were measured in step (4) indicating the effect

of the loading stress history on the subsequent pore pressure development. However, the

predicted values, obtained using the same set of parameters for both steps, fitted the

measured ones (Figures 2.18 — 2.19).
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Figure 2.18. Pore pressure increase measured and predicted for Test 10, Step (2) using the SM Visp silty

sand (d < 0.5 mm).
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Figure 2.19. Pore pressure increase measured and predicted for Test 10, Step (4) using the SM Visp silty
sand (d < 0.5 mm).

The final set of results from the dynamic tests is represented by shear strain-dependency of
the shear modulus and damping for the SM Visp silty sand (d < 0.5 mm). The results were
compared those obtained by Weber et al. (2007) for the SM-SP Visp sand (see Figure 2.6),
for the same stress level used in the current investigations (p = 100 kPa).

On the one hand, higher values of the shear modulus are available for shear strains y < 0.02
% rendering valid linear-equivalent assumptions of soil behaviour in this strain range (Figure
2.20a). The reduction curve of the shear modulus for y > 0.02 % has a steeper gradient than
that presented by Weber et al. (2007), indicating a more brittle behaviour of the soil.

On the other hand, significantly higher damping values were obtained for the SM Visp silty
sand (Figure 2.20b). This effect can be explained by the carbonate compounds identified in
the soil (13 % of the soil mass) and the greater number of particle contacts. Bounding occurs
during cyclic loading at the contact between particles due to the carbonate compounds, and
the soil damping increases. Additionally, particle breakage also contributes to the increased
damping values. Similar effects were observed by Carraro & Bortolotto (2015), who
compared the influence of the mineralogy on the stiffness degradation and damping of

carbonate and silica sands.
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Figure 2.20. Shear modulus (G) reduction curve (a) and damping ratio (D) values depending on the shear
strain (b) for the sands and silty sands from Visp.

2.4. Conclusions

The sands and silty sands from Visp were investigated using a wide range of laboratory
tests. Simple soil classification, bender element measurements, and triaxial tests with
standard and complex stress paths were performed to analyse the soil response under static
and cyclic loading conditions. The laboratory investigations revealed important features of
the soil response that can be applied for a more realistic approach in subsequent numerical
or analytical analyses related to e.g. seismic slope stability or deformation behaviour of
geotechnical structures. Moreover, the results obtained can be analysed in parallel with
observations made with other similar soils, and extrapolated for a more general use.

The bender element measurements of the shear wave velocity were proved to be reliable
source for the determination of the small strain stiffness. However, the results showed that
the influence of grain size (fine grain fraction vs. entire material fraction) must be
incorporated into the assessment of appropriate values for analysis and design. The
differences between the measurements emphasise the importance of well-defined and
known boundary conditions during bender-element measurements.

The complex triaxial tests with stress paths including static and cyclic loading (i.e. Tests 4
and 5) revealed a marginal reduction of the post-cyclic maximum friction angle from 48.2° to
47.3°. This observation can be practically applied in the analysis of the soil response after a
seismic event, when non-altered values of the maximum friction angle can be used. The

same tests revealed a faster softening of the soil, caused by the cyclic load applied, and a
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reduction of the strain range over which the soil exhibited dilatant behaviour. This indicates
the possibility of e.g. progressive slope failures caused by eventual earthquake aftershocks.
Such events could induce strains in the soil, which would eliminate the positive effect of the
dilatancy on the mobilised shear strength and lead to large displacements.

The undrained static-dynamic-static hybrid tests (Tests 6 — 9) revealed further aspects
related to the behaviour of the saturated dense silty sand. After a pore pressure increase due
to initial cyclic loading, the specimens exhibited dilatant behaviour during the post-cyclic
static loading, the volume increased, and the suctions eliminated the effect of positive pore
pressures. The stabilising effect of the suctions was observed in the soil even at large strains
(eaxia = 25 %). Nevertheless, the dilatancy-induced suctions in dense silty sands at large
strains are available only if no additional undrained loading and no changes of the water
content occur in the soil. This observation is essential for the reliability of displacement-
based method (e.g Marin & Laue 2016), which depends on the appropriate evaluation of the
mobilised shear strength of soil and its compatibility with the predicted displacements. More
specifically, displacement predictions, taking into account increased shear strength of the soll
due to suctions, are reliable for the case of dense silty sands, based on the observations
made in the laboratory related to the availability of suctions.

Additional information related to the cyclic behaviour of the silty sands from Visp was
obtained by analysing the development of pore pressures and calibrating the prediction
relations proposed by Egglezos & Boucovalas (1998; 1999). However, more extensive
investigations are required to verify the validity of the parameters for other initial conditions
(i.e. consolidation pressures and relative densities different than those from Tests 10 — 13).
The prediction of the pore pressure increase with the number of loading cycles, using
relationships (2.5) and (2.6), is essential when detailed displacement-based analyses of
geotechnical structures (e.g. slopes, dams, or embankments) are performed. Most analytical
methods for evaluating seismic-induced displacements are based on Newmark’s method
(1965), which assumes the critical acceleration during the seismic event to be constant. In
reality, the critical acceleration, which represents a measure of the slope resistance, is

strongly dependent on the effective stresses, and, hence, on the pore pressure development
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during the seismic event. If the pore pressure variation with the loading cycles can be
predicted, more accurate methods of displacement evaluation can be used, by taking into
account the variation of the critical acceleration during the seismic event (e.g. Biondi et al.
2000).

A final practical outcome of the laboratory investigations are the strain-dependency curves of
the shear modulus and damping for the SM Visp silty sand (d < 0.5mm). An increase of the
equivalent elastic strain range was observed, as well as increased damping values in
comparison with the results of the investigations performed on the SM-SP Visp sand. These
curves can be used as input for e.g. linear-equivalent site response analyses, or in FE

investigations with more advanced constitutive models requiring such soil parameters.
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Abstract

Seismic site characterisation plays a significant role in the risk analysis and design
processes providing an approximation of the local ground motion (free-field motion) used as
input in subsequent analyses. This paper focuses on the different methods of site
characterisation, starting from the traditional one-dimensional (1D) linear analysis in the
frequency domain to the more complex two-dimensional (2D) non-linear finite element
simulations in the time domain. The purpose of these investigations is to create the basis for
an appropriate choice of the numerical method for seismic analyses of earthquake response.
For this purpose, the main advantages and disadvantages of each method were identified
using factors such as the possibility of capturing complex non-linear phenomena (e.g. basin

effects), the availability of the modelling software, or the computational effort.

Keywords: seismic site characterisation, non-linear behaviour, basin effects, numerical

modelling, benchmark study.
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3.1. Introduction

Stiffness contrasts between different subsurface layers, as well as different topographic
shapes (e.g. slopes, cliffs, ridges, sedimentary basins, etc.), determine the level of
amplification of seismic waves and have an influence on the natural frequencies of the
ground. For instance, Zeevaert (1964), Borcherdt (1970), Aki (1988), Yamanaka et al. (1989)
and Atakan et al. (2004) showed how the seismic ground motion is strongly influenced by
site conditions such as local geology. Moreover, Bouchon (1973), Geli et al. (1988),
Pedersen et al. (1994) and Ashford et al. (1997) emphasised the influence of topographic
conditions on the seismic motion. The combination of local geology and particular
topographic conditions, and their influence on the local earthquake motion was investigated
by e.g. Bard and Bouchon (1985), Celebi, M. (1987), Jongmans and Campillo (1993),
Gazetas et al. (2002), and Faccioli and Vanini (2003).

Deep sediment-filled valleys represent a typical combination of particular topographic
conditions and extreme local geology. This is the case for the Rhone Valley in Switzerland,
which is characterised by sedimentary soft deposits, with thicknesses up to 300m and above.
This situation is often encountered in alpine areas and is usually associated with a high risk
level in the case of a moderate to strong earthquake, due to the increased density of the
building stock and infrastructure in those areas. An appropriate seismic site characterisation,
including the evaluation of basin effects, represents the key element of the seismic design.
This was also the main subject of investigation for Roten (2007), who studied site effects for
an area in the Rhone Valley.

Based on a standardised soil model from the same area in Switzerland, this paper covers a
wide spectrum of analysis methods from the classic 1D calculations in the frequency domain
(Seed and Idriss, 1970) to 2D modelling in the time domain, outlining the main particularities
of each method. After presenting the investigation methods, the different results are
discussed and compared, and a conclusion is formulated about the appropriateness,

effectiveness, and justification of the methods.
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3.2. Investigation Methods
3.2.1. Modelling methods
The challenge of seismic site characterisation can be approached using various modelling
methods, depending on the assumptions related to the seismic wave propagation and soil
behaviour. This paper focuses on the following methods:
o 1D modelling in the frequency domain, using equivalent-linear soil properties
¢ 1D modelling in the time domain, using a linear elastic constitutive model
e 1D modelling in the time domain, using the linear elastic perfectly plastic Mohr-
Coulomb constitutive model
e 1D modelling in the time domain, using the Hardening Soil Small Strain non-linear
constitutive model
e 2D modelling in the time domain, using the linear elastic perfectly plastic Mohr-
Coulomb constitutive model
e 2D calculations in the time domain, using the Hardening Soil Small Strain non-linear
constitutive model
The frequency domain modelling was performed using the software package EERA
(Equivalent-linear Earthquake site Response Analyses, Bardet et al., 2000), while the time
domain analyses were performed using PLAXIS 2D (Brinkgreve et al., 2014). The 1D
modelling in the time domain was also performed using PLAXIS 2D, but with special
boundary conditions to avoid any unwanted 2D effects.
Excess pore pressure generation and soil liquefaction are possible during a moderate to
strong earthquake, considering the local silty-sandy soil conditions and high water levels.
However, the numerical modelling of such soil response implies advanced constitutive
models, which often require numerous input parameters that have to be calibrated in the
local geological and seismic context. Soil liquefaction is generally approached by other
methods (e.g. Idriss and Boulanger, 2008) in current engineering practice, and the decision
was made not to include such numerical investigations in the set of analyses presented in

this paper.
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3.2.2. General overview of local soil conditions

The investigated site is located in Switzerland in the canton of Valais (Figure 3.1), which
belongs to the highest seismic hazard zone Z3b, with a design value of the horizontal
acceleration in the soil class A (hard rock, vs> 800 m/s) of agq = 0.16 g, for a return period of
475 years (SIA 261, 2014).

The river Rhone crosses the canton from East (Rhone glacier) to West (Lake Geneva) and
its basin is a typical example of deep sediment-filled valleys. The city of Visp, located in the
eastern part of the canton, was chosen to be the focus of investigations, as it is the epicentre
of the most well documented historical earthquake in the region (Fritsche et al., 2006). The
large amount of information on the geology of the valley in Visp, available from different
previous investigations, such as ambient-noise array measurements, and shear wave
velocity measurements (Roten, 2007; Burjanek et al., 2011), facilitated the development of
the soil model for the current analysis.

2 Fibou Schwafzenburg

/4

. .’ Plaffeien

Figure 3.1. Location of Visp in the Rhone valley in Switzerland.

Multiple investigations along the valley (Frischknecht and Wagner, 2004; Pfiffner et al., 1997;
Roten, 2007; Steimen et al., 2003; Wagner et al.,, 2000) have revealed its geological
structure. Layers of fluviatile gravels alternate with deltaic sediments (sands and silts) in the
first 50 m of depth. Wagner et al. (2000) grouped the deposited materials in generalised sub-

units with various thicknesses, which are present in most locations along the entire valley:
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o Surface deltaic sediments of sandy silts, consisting of layers of 5 — 10 m depth.

o Surface river gravels (Rhone gravel) representing the water-bearing geologic
formations, located at 5 — 10 m below the surface.

e Deep deltaic sediments consisting of fine sands and silts, located at 10 — 25 m below

the surface.

Deep river gravels mixed with sand layers, located at 25 — 30 m below the surface.
The specific geological structure of the valley used for the analyses in this paper is based on
the site characterisation performed by Wagner et al. (2000) and the bedrock depth

estimations made by Burjanek et al. (2011) (Figure 3.2 and 3.3).
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Figure 3.2. Estimated bedrock depth and location of the valley cross-section investigated in this study
(after Burjanek et al., 2011).
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Figure 3.3. Geological profile and valley cross-section (A-A) in Visp.
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3.2.3. Soil model for 1D calculations

The soil model and the shear wave velocity profile for the 1D calculations is based on various
investigations performed in the area of Visp, such as combined inversion of the Rayleigh
waves dispersion and 2D resonance frequencies (Roten, 2007) or array measurements of
the ambient noise and H/V ratio determinations (Nakamura method) (Burjanek et al., 2011,
Résonance et al.,, 2005). Using this information, the shear wave velocity profile was
determined at the location “Talmitte” (Figure 3.4), which contains all the generalised sub-
units of soil, as identified by Wagner et al. (2000). The upper (Vs max) and lower (vsmin) bounds
of the shear wave velocity profile were introduced to account for the uncertainty of the model,
also shown by Résonance et al. (2005) who observed strong variations of the shear wave
velocities. The upper and lower bounds were determined by assuming a factor 1/42 and V2,

which corresponds to 1/2 and 2 for the variation of shear modulus.

a)

0m—
10m—
20 m—
30m—
40 m—
50m—
60 m—
70 m—
80 m—
90 m—
100 m—|
110 m—|
120 m—|
130 m—|
140 m—
150 m—|
160 m—
170 m—|
180 m—|
190 m—|
200 m—
210 m—
220m—

230 m-

/};‘@

I 1P

ML\

GMO

ML/

GM¢

GM @

GM ¥

b)

0

50

200

Talmitte

Bedrock

Vs,model

500

2000

Figure 3.4. Soil profile for the location “Talmitte” with stiffness parameters (a) and shear wave velocity
profile (b).

The profiles for two other locations in the valley (“Lonza” and “Rotten”), shown in Figure 3.5,
were determined based on the variation of the geological layers presented by Wagner et al.

(2000) and the information available from Résonance et al. (2005) and Marin et al. (2012).
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Figure 3.5. Shear wave velocity profiles at locations “Lonza” and “Rotten”.

Additional profiles were generated for the locations “Lonza” and “Rotten” by extrapolating the
profile “Talmitte” to these locations. The depth of the bedrock was determined in each case
according to the valley cross-section shown in Figure 3.2, namely 95 m for the location
“Rotten” and 150 m for “Lonza”. On the one hand, this simplification has a strong influence
on the seismic response at the investigated locations, which will be different from the real
one, but on the other hand, it simplifies the comparison of the results at the different
locations. A better identification of the effects related to the profile depth is made possible
based on the common geological profile assumed for the different locations.

All 1D calculations in the time domain were performed using PLAXIS 2D. The soil layers
were kept horizontal and parallel, as previously described, and the boundaries of the model
were placed far enough from each other to avoid any boundary influences. The width of the
model was increased iteratively, and the optimal value was obtained when the further
increase of the width did not cause any changes in the response spectrum at the surface, in
the centre of the model. Special free-field boundary conditions were used for the vertical
boundaries of the soil model. These simulate the continuation of waves into the far field, by
reducing reflections at the boundaries (Brinkgreve et al., 2012). The bottom horizontal
boundary of the model is rigid for both the frequency and time domain analyses, to account
for the presence of the stiff bedrock.

The resulting soil profile for the analysis of one-dimensional propagation of seismic waves is
presented in Figure 3.6 for the location “Talmitte”. The profiles were cropped according to

their depth for the other locations.
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Figure 3.6. Representative soil profile for the Visp valley for 1D calculations in the time domain (average
element size 3.88m).

3.2.4. Soil model for 2D calculations

The results presented by Wagner et al. (2000), and shown in Figure 3.2, provided an insight
into the variation of the geological profiles at the different locations in the valley. A drilling
campaign performed in the area of Visp (Marin et al., 2016) showed geological variations,
even for boreholes located close to each other. The efforts to define a perfect ground model,
containing all variations of the local geology, are disproportional and exceed the framework
of creating the basis for an appropriate selection of the numerical method for seismic
investigations in alpine areas. However, the existence of a clear similarity between the
geological profiles at the locations investigated was shown by Wagner et al. (2000), who
identified the four main geological sub-units present in most cases: surface deltaic
sediments, surface river gravels, deep deltaic sediments, and deep river gravels. Based on
this, a strong simplifying assumption was made for the 2D soil model, which was derived
using the soil profile at the location “Talmitte”. This soil profile contains all the main
geological sub-units and can be considered as representative for the entire valley.

Figure 3.7 shows the 2D soil model, based on the extrapolation of the geological profile
“Talmitte” while maintaining horizontal layering. The assumption of horizontal layering does
not fully represent reality, and it introduces additional uncertainties in the results of the
investigation, but this additional simplification facilitates the analysis of the effects related to
the topography of the valley. The cross-section (A-A) from Figure 3.3 was simplified by
cropping it along the coordinate X = 1’400 m to reduce the model width and to avoid any

inconsistencies in the generated mesh caused by the thin layer of loose deltaic sediments,
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3. One and Two-Dimensional Site Response in the Rhone Valley

present on the right hand side of the section. The alternation of the granular soil layers is the
same as for the 1D calculations (see Figure 3.5).

Standard fixities were associated with the boundaries of the 2D model. An optimal solution
had to be found related to the compliance of the element size with the accuracy conditions
given by Kuhlemeyer and Lysmer (1973), due to the large size of the model (1364 x 259 m).
The FE mesh was obtained after several iterative steps using 15-noded triangular elements
and has an average element size of 4.22 m, and a resulting average node-to-node distance

of 1.05 m.
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Figure 3.7. Soil model for the 2D calculations in the time domain (average element size 4.22m)
approximated along section (A-A) shown in Figure 3.2.

3.2.5. Seismic input motion

The seismic input motion consists of three earthquake signals from the European Strong
Motion Database (Ambraseys et al., 2002): Spitak - Armenia, 1988 (M,, = 6.7, Repi = 36 km,
recorded on soft soil), Iceland 2008 (M, = 6.2, Rep = 8 km, recorded on rock) and L'Aquila -
Italy, 2009 (M,, = 6.3, Repi = 4.3 km, recorded on rock). The choice of such a reduced number
of seismic signals was based on the conditions for non-linear seismic analyses introduced by
EC8 (2004), which require that a minimum number of three suitable accelerograms should
be used in such investigations. This limited number of seismic motions can be adequate to
evaluate the differences between the results of the analyses, but it must be increased for a
more detailed microzonation study.

The signals are compliant with the seismic hazard described by Giardini et al. (2004),
because the new seismic hazard for Switzerland (SED, 2015) was not available when this

study was carried out.
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3.2. Investigation Methods

A response spectrum for hard rock sites with vg > 1500 m/s (“Hard-rock” in Figure 3.8) was
derived according to the procedure described by Lateltin et al. (2004). The uniform hazard
spectral values for a return period of 500 years, presented by Giardini et al. (2004) for the
Sion area in the Rhone valley (45 km from Visp) were used for this purpose (UHS500 in
Figure 3.8). The shape of the “Hard-rock” response spectrum is similar to that of soil class A
defined by SIA 261 (2014). This is a conservative assumption, especially in the range of long
periods, considering that soil class A includes weathered rock conditions with shear wave
velocities v¢ > 800 m/s. The spectral value corresponding to the maximum amplification
(spectral plateau) for “Hard-rock” is 0.172 g and was obtained as the average between the
UHS500 values at T = 0.1 and 0.2 s. The spectral value for very low periods is PGA = 0.068
g, considering a factor of 2.5 between the spectral plateau and PGA. The signal Spitak 1988,
which was recorded on soft soil, has an increased energy content in the long period range,
exceeding the “Hard-rock” spectrum for T = 0.6 — 1.3 s and was used to introduce additional
conservatism in the input of the analyses. The frequency content of the signal L’Aquila 2009

was modulated by matching its response spectrum to “Hard-rock” (Figure 3.8).
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Figure 3.8. Comparison between the response spectra of the input signals and SED-rock (response
spectrum derived for hard rock sites).

All three earthquake signals (Spitak 1988, Iceland 2008, and L’Aquila 2009) were scaled to
PGA = 0.068 g. The resulting time histories of the input ground motions can be seen in

Figure 3.9.
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Figure 3.9. Scaled seismic input signals (PGA=0.0689).

Alternatively, the deaggregation of the sesimic hazard (Giardini et al., 2004) can be used to
determine magnitude-distance scenarios compatible with the local seismicity. Subsequently,
input signals can be selected according to the scenarios from the hazard deaggregation and
used as input motions for the numerical analyses.

The input motion for the calculations in the frequency domain using EERA was introduced at
the bottom of the model as an INSIDE motion (Bardet et al., 2000) to avoid any modification
of the selected earthquake signals. The seismic input motion was introduced at the bottom of
the FE model, for the other calculations which were performed in PLAXIS 2D, without any
additional modifications.

3.2.6. Parameters of the constitutive models

Linear-equivalent “constitutive model”

The linear-equivalent calculations provide results that will be accurate enough in situations
when the input seismic signal induces only elastic strains in the soil, since linear-equivalent
assumptions of soil behaviour are not valid beyond the elastic strain range. However, these
calculations represent the most common practice in the geotechnical response analyses and
were proved to work well for most cases (Kramer & Paulsen, 2004). Nevertheless, non-linear
models should be used when large strains are mobilised in the ground (i.e. soft soils
subjected to strong ground motion).

The linear-equivalent parameters were derived based on the shear modulus and damping
curves for sands presented by Seed and Idriss (1970). The lower bound G/G,, Curve was
used to estimate the stiffness reduction for the soft deltaic sediments, and the upper bound
for the moraine material. Values were interpolated between the upper and lower bounds for

the other soil layers. These curves are still in extensive use (e.g. Studer et al., 2008),
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3.2. Investigation Methods

although they are rather old and crude in comparison with the results presented by Darendeli
(2001) that also take into account the variability and uncertainty of the data. Thus, the curves
after Seed and Idriss (19709) were used as input for the linear-equivalent model to create a
relationship with the current practice, before mode advanced models are adopted. The

summary of linear-equivalent parameters derived for the soil model chosen can be seen in

Figure 3.10.
1 = T T T 30 r : T
—/— Deltaic sediments (silt)
0.9+ —[ Surface river gravel
25| —Q— Deep river gravel
0.8} —@— Gravel with sand
—&— Moraine
—— Bedrock
0.7} ool
0.6+
= )
o&o.s ! £45
o
S 0.4}
03 10}
2| | 2 Deltaic sediments (silt)
—LI- Surface river gravel
0.2¢ Deep river gravel 5|
-@-— Gravel with sand
0.1} | —%— Moraine =
—— Bedrock A
0 ‘ I i ; 0 : . ;
10 10°® 10% 10" 10° 10 10 10°  107® 0" 10° 10

]
v [%] 7y [%]

Figure 3.10. Equivalent linear parameters for the different soil layers.

Linear elastic (LE) constitutive model

The linear elastic (LE) model simulates the soil behaviour without taking into account any
plastic deformations, assuming that strains are directly proportional to the relevant stresses.
Material damping, required for a realistic modelling of the soil behaviour, can be introduced
using the Rayleigh parameters (Rayleigh and Lindsay, 1945).

The determination of soil parameters for this model was based on 1D calculations in the
frequency domain. The shear modulus G for each layer was calculated using the previously
introduced maximum value G (see Figure 3.4) and the stiffness degradation ratio G/Gax
reached at the convergence of the calculations in the frequency domain. Subsequently, the
Young’'s modulus E was easily determined from the value of the shear modulus G, using
equation (3.2):

E=2G(1+v) (3.2)

where E - Young’s modulus
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3. One and Two-Dimensional Site Response in the Rhone Valley

G — shear modulus

V' — Poisson's ratio assumed to be v' = 0.3 all materials.
Similarly, the damping values at convergence were taken from the calculations in the
frequency domain and used in the determination of the Rayleigh parameters for the time
domain calculations. In this way, the linear elastic and the linear-equivalent models are
essentially identical.
The different set of parameters for the LE constitutive model determined for each
earthquake, based on the results from the 1D calculations in the frequency domain. are

summarised in Table 3.1.

Table 3.1. Material parameters for the LE constitutive model.

Soil y [kN/m?] G/Gmax [] E [MPa] D [%]
Silt 1 19.9 0.45 134.4 14.6
Surface river gravel 234 0.19 507.3 4.7
Silt 2 19.9 0.19 144.3 22.3
Deep river gravel 1 23.4 0.85 2627.0 2.8
§ Deep river gravel 2 23.4 0.84 3532.8 2.9
_;U Gravel with sand 1 23.4 0.91 5935.2 2.3
§- Gravel with sand 2 23.4 0.89 6441.8 2.5
Gravel with sand 3 23.4 0.88 6889.4 2.6
Moraine 1 234 0.95 8841.0 2.2
Moraine 2 234 0.95 9266.1 2.2
Moraine 3 23.4 0.95 9644.7 2.2
Surface river gravel 23.4 0.76 576.2 3.8
Silt 2 19.9 0.34 255.1 17.4
Deep river gravel 1 23.4 0.92 2813.8 2.2
Q  Deepriver gravel 2 23.4 0.92 3880.6 2.2
S Gravel with sand 1 23.4 0.95 6232.4 1.9
E Gravel with sand 2 23.4 0.94 6812.7 2.0
S Gravel with sand 3 23.4 0.94 7334.6 2.0
Moraine 1 23.4 0.97 9081.8 1.8
Moraine 2 23.4 0.97 9515.2 1.8
Moraine 3 23.4 0.97 9888.4 1.8
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3.2. Investigation Methods

Table 3.1 (continuation). Material parameters for the LE constitutive model.

Soil v [KN/m?] G/Gmax [] E [MPa] D [%]
Silt 1 19.9 0.57 174.0 11.6
Surface river gravel 23.4 0.76 573.1 3.8
Silt 2 19.9 0.33 249.0 17.6
o Deep river gravel 1 23.4 0.91 2784.6 2.3
§ Deep river gravel 2 23.4 0.91 3841.7 2.3
= Gravel with sand 1 234 0.95 6201.3 19
5' Gravel with sand 2 23.4 0.94 6767.8 2.0
- Gravel with sand 3 23.4 0.93 7265.2 2.1
Moraine 1 234 0.97 9032.0 19
Moraine 2 234 0.97 9471.2 19
Moraine 3 234 0.97 9851.3 19

Linear elastic perfectly plastic Mohr-Coulomb (MC) constitutive model

Mohr-Coulomb (MC) is a linear elastic perfectly plastic constitutive model, which can
represent irreversible plastic strains (Brinkgreve et al., 2014). However, these are developing
at constant yield stress and no material hardening or softening can be modelled. It is known
that this model is not realistic for dynamic analyses, as it over-estimates damping and under-
estimates the propagation of highly frequent waves for seismic signals inducing plastic
strains. However, the decision of using it in the analysis was made based on its extensive
use in current practice, as in the case of linear-equivalent parameters based on the curves
from Seed and Idriss (1970). Additionally to the strength parameters ¢’ and c¢’, which were
estimated according to VSS SN670010 (1999), the stiffness parameters for the MC
constitutive model were determined based on the shear wave velocity profile in Figure 3.4b.
A summary of these parameters including the lower (E.i,) and upper (Ena) bounds of the

stiffness profile is available in Table 3.2.
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Table 3.2. Material parameters for the linear elastic perfectly plastic MC constitutive model.

Y (0} c' Emin Emodel Emax

[KN/m?] [°] [kPa] [MPa] [MPa] [MP4q]

Silt 1 19.9 33.9 6.5 160.3  320.6 641.3
Surface river gravel 234 35 0 377.4 754.8 1509.6
Silt 2 19.9 33.9 0 375.8 751.6 1503.3
Deep river gravel 1 23.4 35 0 1521.6 3043.2 6086.4
Deep river gravel 2 23.4 35 0 2111.3 42224 8444.9
Gravel with sand 1 234 35 0 3276.2 6552.4 13104.8
Gravel with sand 2 23.4 35 0 3606.6 7213.1 14426.3
Gravel with sand 3 23.4 35 0 3892.5 7785.0 15570.0
Moraine 1 23.4 35 0 4668.6 9337.2 18674.4
Moraine 2 23.4 35 0 4895.1 9790.2 19580.5
Moraine 3 23.4 35 0 5086.8 10173.6 20347.1

Hardening Soil Small Strain (HSs) constitutive model

The Hardening Soil Small Strain (HSs), as described by Brinkgreve et al. (2014), can model

the soil behaviour using higher stiffness values (G,) at small strains, and stiffness parameters

which are stress- and strain-dependent at large strains. HSs presents clear advantages over

the models presented previously and is suitable for seismic response analyses. Figure 3.11a

shows the stress-strain relationship for a triaxial compression test with definition of the

relevant stiffness parameters and the total yield contour for the HSs model is shown in the

principal stress space in Figure 3.11b.
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Figure 3.11. a) Stress-strain relationship modelled for a tri-axial test ; b) total yield contour for the HSs

model (Brinkgreve et al., 2012).
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The strength parameters are the same as in the case of the MC model, and the stiffness
parameters were determined using results from laboratory investigations and the
relationships suggested by Alpan (1970) and Brinkgreve et al. (2014). An additional damping
of 3% was introduced using Rayleigh coefficients, for a more accurate representation of the
soil response in the range of small strains, where no hysteretic damping is mobilised. This
constitutive model was applied only for the soil directly below the surface, expected to
experience highly plastic deformations. A summary of the parameters can be found in Table

3.3.

Table 3.3. Material parameters for the HSs constitutive model.

y (P' c' Esoref Eoedref Eurref Yo7 Goref

[KN/m® [ [kPa] [MPa] [MPa] [MPa] [-] [MPa]

Silt 1 19.9 33.9 6.5 19.3 19.3 58.0 4.510° 120.7
Surface river gravel 234 35 0 77.2 77.2 2317 1510° 289.7
Silt 2 19.9 33.9 0 46.3 46.3 138.8 4.5110° 289.1

Deep river gravel 1 23.4 35 0 303.0 303.0 909.1 2010° 1136.4

3.3. Results of 1D modelling

The “Rhonetal” microzonation study performed by Résonance et al. (2005) and the elastic
response spectrum for soil class C (vs3o = 300 — 500 m/s according to SIA 261, 2014) were
used as a basis for comparison in the interpretation of the results. The “Rhonetal” spectrum
was determined from computer simulations performed by Résonance et al. (2005), using a
2D linear-equivalent code based on the method of Aki and Larner (1970). Therefore, this
spectrum incorporates the influence of local topography and facilitates a more accurate
evaluation of the seismic response than the design spectra for soil class C. According to the
Swiss code SIA 261 (2014), such microzonation spectra are recommended over of the
design spectra available in the code.

3.3.1. 1D modelling in the frequency domain using equivalent-linear soil properties

In a first step, the response spectrum at the surface of the model in the location “Talmitte”

was investigated. The response spectra for all three earthquakes show peak spectral values
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3. One and Two-Dimensional Site Response in the Rhone Valley

between T = 0.8 — 0.9 s (Figure 3.12a), which correspond to the natural period of the soil

profile that was evaluated analytically at the relevant location:

T == 00 (33)
f.v
where T, —first natural period of the soil profile [s]
f,— first natural frequency of the soil profile [HZ]
Vs — average shear wave velocity of the soil profile [m/s]
H — height of the soil profile [m].
The averaged surface response lies above the reference spectra and it shows the same

peak (Figure 3.12b).
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Figure 3.12. Surface response spectra at the location “Talmitte”. a) individual signals; b) averaged
response; (1D EERA).

The influence of the depth of the soil profile is the only topography-related factor, which can
influence the 1D calculations. In this sense, the same analysis was repeated at the other two
locations, “Lonza” and “Rotten”. A short summary of the dynamic properties of the soil
profiles at the selected locations can be seen in Table 3.4. The natural frequencies f, of the

profiles were determined using equation (3.3).

Table 3.4. Dynamic properties of the soil profiles at the selected locations in the Visp valley cross-section
(Figure 3.2 and 3.3).

Location H[m] Vs [M/s] Tnls] fo[Hz]
Talmitte 225 985.8 0.91 1.10
Lonza 150 860.4 0.7 1.43
Rotten 95 728.3 0.52 1.92
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3.3. Results of 1D modelling

The results, displayed in the form of response spectra at the surface, are shown in Figure
3.13. The identification of resonance peaks at the natural periods of the soil profiles is again
possible, particularly at the location “Rotten”. At this location, the calculated surface response

shows spectral values up to 1.4 g and two major peaksat T=0.24sand T=0.5s.
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Figure 3.13. Surface response spectra at the locations a) “Lonza” and b) “Rotten”; (1D EERA).

Compared to the location “Talmitte”, the peak values for “Rotten” are higher, although this
soil profile is the shallowest one (H = 95 m). The highest peaks of the seismic response at
the location “Rotten” are generated by the earthquakes Iceland and L’Aquila. A short
evaluation of the energy content of the three earthquakes using the Fourier transformation
shows that these two input signals have high energy contents at frequencies around 2 Hz
(Figure 3.14), which are very close to the first natural frequency of the soil profile f,= 1.92 Hz
(see Table 3.4). These results show that the deepest profile does not always imply the
highest surface response. In this case, the shallowest of the three different profiles (“Rotten”)

exhibits the highest spectral acceleration peaks.
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Figure 3.14. Fourier spectra of the three input motions a) Spitak, b) Iceland, and c) L’Aquila.
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Shear wave velocities are another factor affecting the surface response in the case of 1D
equivalent-linear analyses. A sensitivity analysis was performed for the soil profile “Talmitte”,
assuming the upper and lower bound profiles of shear wave velocities presented in Figure
3.4b.

The reduced shear wave velocity profile vsmn causes lower values of the spectral
accelerations, compared to the normal case. The average response spectrum is, in this case,
in the same range or even below the reference spectra from the microzonation study. A shift
of the average response spectrum towards the right, in the range of larger periods, occurs
due to the reduced values of the shear wave velocities. The value of the maximum ground

acceleration corresponds to the reference values (Figure 3.15).
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Figure 3.15. Surface response spectra at the location “Talmitte” for the lower bound of the shear wave
velocity profile: a) individual signals; b) averaged response; (1D EERA).

An opposite effect can be observed in the results of the simulations based on the increased
values of the shear wave velocities vs max. The peaks of the average response reach 1.5 g,
while in the initial case (Vsmodel) they were at 1 g. A shift of the spectrum towards the left can
be observed as well, indicating that the soil column has an increased average stiffness. In
this case, the reference spectra are below the average spectrum up to a period of T=0.7 s

(Figure 3.16).
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Figure 3.16. Surface response spectra at the location “Talmitte” for the upper bound of the shear wave
velocity profile: a) individual signals; b) averaged response; (1D EERA).

3.3.2. 1D modelling in the time domain using a linear elastic (LE) constitutive model
The results of the 1D numerical calculations under linear elastic assumptions in the time
domain at the location “Talmitte” were obtained by incremental integration of the equations of
motion. The stiffness parameters were considered in the initial step constant and strain-
independent to facilitate the comparison with the results in the frequency domain.

The response spectra of the horizontal accelerations obtained at the surface for the three
earthquakes were compared with the reference spectra, i.e. microzonation spectrum
“‘Rhonetal” (Wagner et al., 2000) and the code spectrum for Zone 3b BGK C (SIA 261, 2014).
No vertical accelerations or displacements were modelled at the surface of the model, as
expected under 1D LE conditions with shear waves originating at the base and horizontal soll
layers. The value of the PGA is overestimated in this case, as well as the spectral
accelerations in the plateau range, starting from T = 0.2 s, with some exceptions between T
= 0.5 — 0.7 s. The tendency of the average spectrum obtained is to shift towards the right,
indicating a behaviour of the soil during the seismic event softer than given by the reference
spectra. The clear peak between T = 0.8 — 0.9 s represents an indication of resonance at the

first natural period of the soil-profile T,= 0.91 s (Figure 3.17).
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Figure 3.17. Surface response spectra at the location “Talmitte”. a) individual signals; b) averaged
response; (1D LE).

The comparison of the average response spectra at the location “Talmitte” from the 1D
analyses in the frequency (EERA), and in the time domain using the LE constitutive model
(1D LE), is shown in Figure 3.18. The results of the two independent numerical approaches
are very similar and the spectral shapes are nearly parallel, as expected. The spectral values
from the time domain analysis (1D LE) show an increased damping for T < 0.3 and T > 0.5,
when compared with the frequency-domain results. This behaviour is closely related to the
mathematical formulation of the Rayleigh damping, as shown by Brinkgreve et al. (2014),
and to the high damping values in the silty material (see Table 3.1).
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Figure 3.18. Average response spectra in the frequency domain (EERA) and in the time domain using the
LE constitutive model; (1D LE).
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3.3.3. 1D modelling in the time domain using the linear elastic perfectly plastic Mohr-
Coulomb constitutive model (MC)

A step further in the 1D calculations was made by introducing in the analyses the linear
elastic perfectly plastic constitutive model with a Mohr-Coulomb failure criterion. The results
obtained under the assumption of linear elastic perfectly plastic soil behaviour at the location
“Talmitte” can be seen in Figure 3.19 in the form of acceleration response spectra at the
surface of the soil model. As in the case of LE calculations, no vertical accelerations or
seismic settlements were modelled by the MC constitutive model. The spectral values are in
the range of the Rhonetal microzonation spectrum, excepting the period range T = 0.2 - 0.4
s, where the peaks reach 1.3 g. A further resonance peak indicating the first natural
frequency of the soil profile can be observed at T,,= 0.8 s.

Talmitte v
S,m

Talmitte v
odel 5,m

odel

>
1

—Iceland —Avg re.spon.se.

—_ 12} LAquila — 12+ =¥—"Rhonetal"
%’ —— Spitak 2 - - =5lA 261 BGKC
2 1t —¥—"Rhonetal" | | 5 11

© \ ___SIA261 &

] | QU

= ‘ BGK C <

Sos Sost

i ®

g B

g 06 §06 |

Q. a

v v

o
'S
\

04

Figure 3.19. Surface response spectra at the location “Talmitte”. a) individual signals; b) averaged
response; (1D MC).

3.3.4. 1D modelling in the time domain using the Hardening Soil Small Strain (HSs)
constitutive model

The final set of calculations performed under 1D conditions represent the transition to more

complex investigations introducing the HSs constitutive model in the numerical analyses for

the top 45 m of the soil profile “Talmitte”. Plastic deformations, material hardening, and

hysteretic cyclic behaviour can be modelled at the cost of a more extended set of parameters

and longer calculation times. The results show that the calculated response spectra are
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3. One and Two-Dimensional Site Response in the Rhone Valley

closer to the reference spectra and the average response fits the Rhonetal microzonation
better than in all previous cases (Figure 3.20).
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Figure 3.20. Surface response spectra at the location “Talmitte”. a) individual signals; b) averaged
response; (1D HSs).

Additional to the horizontal accelerations, the 1D HSs model was able to capture the vertical
displacements (seismic settlements) of the soil profile and corresponding accelerations. The
stiffness of the soil layers modelled with HSs decreased during the seismic shaking, due to
the strains induced in the soil, leading to vertical displacements at the surface of the ground
model. Figure 3.21 shows the evolution of the vertical displacements with time and the
corresponding vertical spectral accelerations, modelled at the location “Talmitte” with the
three earthquake signals. The vertical displacements are very similar for the signals Iceland
and L’Aquila, with a residual value of 0.57 cm, and they develop in a different way for the
Spitak signal, reaching a residual value of 0.8 cm in this case. The corresponding vertical
spectral accelerations follow the same trend and the highest values of 0.28 gat T ~ 0.2 s are

modelled for the Spitak signal.
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Figure 3.21. a) Development of the vertical displacements at the location “Talmitte” and b) corresponding
vertical acceleration spectra; (1D HSs).

3.3.5. Summary of 1D modelling

Figure 3.22a shows the comparison of the results obtained from all 1D calculations for the
soil profile “Talmitte”. The 1D HSs and 1D LE analyses provided results similar to the
microzonation spectrum “Rhonetal”. Moreover, the results obtained from the 1D HSs analysis
can capture the seismic settlements developing in the soil, due to stiffness reduction caused
by seismic strains.

The results from EERA and 1D MC are in a similar range with the output of the 1D LE
analysis, with certain exceptions. The results obtained from EERA in the frequency domain
show an increased soil response at T = 0.8 — 0.9 s, close to the natural period of the soil
profile. This shows the sensitivity of such analyses to resonance effects in the range of the
natural period. The results obtained from 1D MC showed spectral values at the natural
period of the soil profile similar to the other analyses. However, this model overestimated the
spectral response at T = 0.2 — 0.3 s, due to its limitations outside the elastic range.

Figure 3.22b shows depth profiles of the maximum acceleration (PGA) for the Iceland signal
at the location “Talmitte”. The shapes of the profiles are very similar and they all show an
abrupt increase of the PGA values in the top 22 m of the soil profile. This corresponds to the
top-most layers of river gravel and silty material. The PGA values at the surface around 0.25
g are also very close to each other, with the exception of the HSs results, which marginally

exceed PGA~0.2g.

69



3. One and Two-Dimensional Site Response in the Rhone Valley

Talmitte Talmitte — Iceland

o

—v—EERA
1D LE
—=—1D MC
—o—1D HSs {50
—»—"Rhonetal"
__ SIA261
BGK C

o

—_
[=]
[=]

vepUI L]

o
o

Spectral acceleration [g]
=)
©

o

'S
-
wu
=]

—e— 1D HSS
0.2 1D LE
200 - —=—1DMC |
0 L - A ] : . ——EERA
107 10° 10' 0 0.1 02 03 0.4
) b) PGA [g]

Figure 3.22. a) Summary of the average response spectra for the 1D linear calculations; b) Depth profile of
the maximum accelerations PGA for the earthquake Iceland and the soil profile “Talmitte”.

The summary of the calculations under the 1D conditions showed that the most appropriate
method for 1D seismic investigations is in the time domain, with a hybrid ground model: HSs
for the soil below the surface (45 m in this analysis) and MC for the deep soil layers. The
results of this analysis are the closest to the microzonation spectrum, considered as
reference in the current investigations. The most significant difference is the softer soil
behaviour indicated by response peaks modelled at the natural period of the soil profile that
are outside the plateau area of the reference spectrum “Rhonetal”’. This analysis was also
the only one able to provide information related to the seismic settlements of the soil profile.
Possible alternatives are the frequency domain investigations under linear-equivalent
assumptions (EERA) and the time domain ones using linear elastic assumptions (1D LE).
They require a simple set of material parameters, and the results provided are relatively
accurate. As the comparison in Figure 3.21a showed, the results obtained with e.g. the LE
model are very similar to HSs, in terms of horizontal spectral accelerations. They represent,
therefore, an alternative solution, especially for weak seismic events that do not induce
significant plastic strains in the soil.

The use of the constitutive model Mohr-Coulomb in dynamic calculations does not represent
a good solution. This model is unable to represent the soil behaviour under cyclic loading
due to the rather simplistic way of modelling plastic strains. The constant stiffness

parameters that are independent of the seismic strain, as well as the damping modelled
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using the purely mathematical Rayleigh formulation, do not recommend this soil model for
seismic analyses.

The 1D analyses represent an accurate enough and fast solution for the evaluation of the
seismic response in alpine valleys, when 2D investigations are not possible. They are able to
model site effects induced by the alternation of the geological layers or by the combination
between energy content of the earthquake and natural frequency of the soil profile. However,
the 1D results indicated a softer soil behaviour by providing resonance peaks of the spectral
accelerations outside the plateau range of the reference response spectrum “Rhonetal”,
determined under 2D conditions. The most important disadvantage is the inability of the 1D
analyses to capture basin effects, or to provide accurate information related to seismic

displacements.

3.4. Results of 2D modelling

3.4.1. 2D modelling in the time domain using the linear elastic perfectly plastic Mohr-
Coulomb (MC) constitutive model

In the next stage, the shape of the entire alpine valley was included in the numerical

investigations and the basin effects influencing the free field motion were analysed. The soil

was modelled in a first step using MC, and the bedrock using a linear elastic constitutive

model.

The reference location for the comparison with previous results from 1D modelling was

“Talmitte”. Additional influencing factors related to the sequence of soil layers were

eliminated from the comparison, considering that the 2D ground model was generated by

extrapolating horizontal soil layers from the location “Talmitte” to the entire valley.

The average spectrum obtained in Figure 3.23b is above the reference spectra for all periods

T < 0.8 s and reaches maximal values of 1.5 g. The spectrum obtained using 2D MC is

shifted towards the left (lower periods) and the natural period can be identified at T = 0.6 s,

indicating that the modelled soil behaviour is stiffer than in the case of the 1D MC. As

observed from the 1D results, the MC model provided higher spectral values than the linear-

equivalent model (EERA) or the linear elastic one (LE). The 2D MC results follow the same
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3. One and Two-Dimensional Site Response in the Rhone Valley

trend, considering that the “Rhonetal” reference spectrum was obtained under 2D conditions
with linear-equivalent assumptions for the soil behaviour (Résonance et al., 2005). These
differences emphasise once more the limitation of the MC constitutive model in the case of
seismic loading. Due to the presence of the inclined stiff rock flanks, non-vertical incident
waves reach the surface of the ground model, and surface waves are generated. This is a
major difference from the 1D analysis, which showed no vertical motion at the surface of the
soil profile. The effect of the additional surface waves generated can be quantified by the

spectral values that are higher in the 2D MC than in the 1D MC case.
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Figure 3.23. Surface response spectra at the location “Talmitte” a) individual signals (2D MC); b)
averaged response (1D and 2D MC).

The amplification function was defined as the ratio between the Fourier spectra at the
surface and at bedrock level. This function shows the amplification factors for each frequency
of the Fourier spectrum of an earthquake and can be used to identify the natural frequency of
the soil profile. Figure 3.24 depicts the amplification functions for all three earthquakes at the
different locations across the valley. The resonance peaks are independent of the location,
and the corresponding natural frequency is around 1.55 Hz, corresponding to T = 0.6 s, for
all cases. This result is in accordance with the results presented by Bard and Bouchon
(1985), which showed that the natural frequency of a sediment basin is constant and does

not depend on the location in the valley.
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Figure 3.24. Amplification functions for the three earthquakes at the different locations across the valley
(2D MC).

The development of vertical displacements and accelerations at the location “Talmitte” is
shown in Figure 3.25. The generated displacements are predominantly elastic and have low
amplitudes, reaching maximum values of 0.15 — 0.2 cm. The L’Aquila seismic signal induced
reduced plastic displacements with residual values below 0.05 cm. The vertical accelerations
modelled reach peak spectral values between 0.15 g and 0.40 g at a vertical resonance
period of T = 0.2 — 0.3 s, similar to the one observed under 1D conditions (see Figure 3.21b).
These results, and those presented in Figure 3.23, indicate the effect of the surface waves

generated in 2D topographical conditions.
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Figure 3.25. a) Surface vertical displacements, and b) accelerations at the location “Talmitte” (2D MC).
The reflection of the body waves within the valley has a strong influence on the free field
motion, which depends on the location at the ground surface. As a result, both the amplitude
and the duration of the free-field motion decrease from the centre of the valley towards the
flanks. This, however, overlaps with the influence of the depth of the soil profile at each
location and a clear separation between the two effects is difficult to be made. The influence

of the reflected waves is also a contribution to the differences between the 1D and 2D
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3. One and Two-Dimensional Site Response in the Rhone Valley

response spectra presented in Figure 3.23b, besides the effect of non-vertical incident
waves, which has been mentioned already. The time histories of accelerations across the

valley showing these effects are displayed in Figure 3.26.
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Figure 3.26. Free field motions modelled for the input signal Iceland at different locations across the
valley (2D MC).

3.4.2. 2D modelling in the time domain using the Hardening Soil Small Strain (HSs)
constitutive model

The last calculations in this study were performed under 2D conditions using the HSs

constitutive model. The information gained from 1D calculations (Figure 3.22b) showed a

rapid increase of the PGA in the first 22 m of the soil profile. This was identified as the depth

above which non-linear soil behaviour can occur. As a result, a hybrid soil model was

compiled using HSs for the first 22 m of granular soil and MC for the rest of the granular
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3.4. Results of 2D modelling

deposit. The rock was modelled, similarly to the previous calculations, as a linear elastic
medium.

The individual response spectra at the location “Talmitte” for the three earthquakes and the
average response can be seen in Figure 3.27. The average response spectrum in this case
is above the spectra obtained under 1D conditions and exceeds the reference spectra. The
peak values reach around 1.2 g and the spectral shape is similar to that obtained in 1D

conditions.
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Figure 3.27. Surface response spectra at the location “Talmitte” a) individual signals (2D HSs); b)
averaged response (2D HSs and 1D HSs).

The amplification functions were calculated for all earthquakes and all locations across the
valley. The first natural frequency of the soil profile can again be identified at f = 1.50 Hz,
which doesn’t depend on location, input motion, or soil model. This value corresponds with
the spectral peaks between T = 0.6 — 0.7 s observed in Figure 3.27b for 2D HSs. However,
the value of the amplification ratio at the first natural frequency is dependent on the location:
ratios of 3 - 5 can be observed for “Rotten”, as opposed to “Lonza” and “Talmitte”, where

values of up to 42 are reached (Figure 3.28).
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Figure 3.28. Amplification functions for the three earthquakes at the different locations across the valley
(2D HSs).
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3. One and Two-Dimensional Site Response in the Rhone Valley

Figure 3.29a displays the vertical displacements and accelerations modelled at the location
“Talmitte” for the three different earthquakes used in the analysis. The hybrid model is able to
represent settlements due to the stiffness reduction caused by the seismic-induced strains,
similar to the 1D case. The vertical displacements are permanent and reach values between
0.7 - 1.0 cm at the end of the seismic loading, as opposed to the 2D MC results, which
showed elastic displacements with very low amplitudes (i.e. 0.2 cm). The 1D HSs results
indicated a development of the vertical displacements similar to the 2D case, with lower
residual values, i.e. 0.6 — 0.8 cm.

The spectral values of the vertical accelerations in Figure 3.29b show the same predominant
period T = 0.2 — 0.3 s, as in the 1D HSs (Figure 3.21) and 2D MC (Figure 3.25) cases. The
vertical spectral accelerations at low periods (T = 0.02 s) are similar to the 1D HSs and larger
than in the 2D MC case, i.e. 0.15 — 0.2 g compared to 0.05 — 0.01 g. These results indicate
that the 1D and 2D HSs models are able to represent the seismic response of the soil in a
realistic way. The 1D HSs has the disadvantage of disregarding effects related to the
topography, such as non-vertical incident waves at the ground surface and body wave

reflections in the valley.
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Figure 3.29 a) Surface vertical displacements, and b) accelerations at the location “Talmitte”; (2D HSs)

The free field motion modelled at different locations across the valley is shown in Figure

3.30.
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Figure 3.30. Free field motions modelled for the input signal Iceland at different locations across the
valley (2D HSs).

Similar effects (e.g. body waves reflection within the valley and non-vertical incident waves at
the ground surface) as in the 2D MC case (Figure 3.26) can be observed, causing the
amplitude and the duration of the motion to decrease from the centre towards the flanks of
the valley. The PGA values are slightly lower than in the 2D MC case and follow the same
trend indicated by the response spectra.

3.4.3. Summary of 2D modelling

The results showed that the topographic conditions cannot be neglected in the evaluation of
the soil response during seismic events, emphasising the effect of the topography in the form

of increased spectral values of the horizontal and vertical accelerations (Figure 3.31). The
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modelled seismic settlements were not significantly different, with an average residual value

0.8 cm in the 2D case, and 0.6 cm in the 1D one (see Figure 3.25 and 3.29).
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Figure 3.31. Comparison of the average response spectra of vertical (a) and horizontal (b) accelerations at

the location “Talmitte” for 1D and 2D HSs.

The comparison between the average response spectra at the location “Talmitte” for the two

different constitutive models, 2D MC and 2D HSs, is shown in Figure 3.32. Besides the

inability of MC to represent the seismic settlements of the soil, the spectral values obtained

with this model are also higher than those obtained with HSs, overestimating in an unjustified

manner the soil response. The values obtained using HSs are more reliable because this

model is able to represent the soil response to cyclic loading in a realistic way, as shown by

e.g. Liang et al. (2015) in the results of their numerical and experimental investigations of

rooted slopes subjected to seismic loading in the geotechnical centrifuge.
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Figure 3.32. Comparison of the results from the 2D analyses using MC and HSs.
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3.5. Conclusions

The shapes of the deformed soil model after the seismic event, showing the residual
displacement of the soil mass, indicate variable surface settlements, irrespective of the
horizontal soil layers of uniform thickness (Figures 3.33 — 3.34). The MC model shows an
overall rotation of the entire soil mass, including the bedrock, from left to right and a wave-
like surface of the ground. The soil model with HSs for the first 22 m of granular soil shows a
more stable shape, but with an irregular surface. The maximum residual total displacements

are 18.2 mm for HSs, which accounts for soil softening and 0.6 mm in the case of MC.
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Figure 3.33. Deformed shape of the soil model after the seismic event (2D MC).
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Figure 3.34. Deformed shape of the soil model after the seismic event (2D HSs).

3.5. Conclusions

An entire set of seismic investigations was performed in the context of a benchmark type of
study, aiming to emphasize the appropriateness of different modelling methods for the
evaluation of the seismic site response. The investigations started with very simple 1D
calculations performed in the frequency domain, then continued with analyses in the time
domain using linear elastic, linear elastic perfectly plastic, and finally non-linear constitutive
models. In the last stage, 2D conditions were introduced and numerical investigations were
performed using linear elastic perfectly plastic and hybrid non-linear constitutive models.

The calculations performed showed that the best solution for the evaluation of the seismic

response in alpine valleys is a 2D analysis with a hybrid ground model, involving both linear
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and non-linear constitutive models (e.g. HSs and MC). This solution is also compatible with
observations of non-linear soil behaviour in limited depth ranges, where the confining
stresses are low, the aging effects are mostly absent, and the seismic action is usually high.
The results obtained using HSs for the soil layers below the surface, expected to experience
non-linear soil behaviour, and MC for the rest of the deposits, predicted the soil response in a
realistic manner. Basin effects, such as surface waves generated by non-vertical wave
propagation, or reflections within the valley, were captured by the 2D models and caused
increased values of the ground accelerations. Additionally, the non-linear constitutive model
(i.e. HSs) was able to represent the soil settlements due to the stiffness reduction caused by
the strains induced in the soil by the seismic motion. In this way, the inaccuracy of the linear
models (e.g. MC) applied to the entire soil profile, and the high computational efforts involved
for a fully non-linear approach using only e.g. HSs, could be avoided with the proposed
hybrid model, at least partially.

The main disadvantages of using non-linear models (e.g. HSs) are the modelling and
computational efforts. However, the determination of additional model parameters, or the
issue of calculation times, cannot be avoided completely when it comes to high requirements
for the seismic investigations. For example, one calculation with a seismic signal of 20 s, and
a time step of 0.01 s applied to the 1’364 x 259 m model, including 19’693 15-noded
triangular elements with an average size of 4.2 m, required about 100 hours wall-clock time
on a regular PC. This might be a long calculation time but it still cannot be compared with the
financial and computational efforts needed for fully non-linear simulations of similar ground
models, which usually involve super-computers with clusters of hundreds of processors. As
shown by Roten (2007) in his study, one calculation using the code developed by Olsen
(1994) required eight hours wallclock time with 20 CPUs of the supercomputer cluster at San
Diego State University.

In conclusion, the 2D and even 3D investigations are essential for the evaluations of seismic
soil response in alpine valleys. These investigations should always take the potential non-
linear soil behaviour into account and consider it using appropriate solutions, i.e. hybrid

models incorporating both linear and non-linear constitutive models. The existing
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microzonation studies in the Rhone valley and adjacent areas should be updated including
non-linear constitutive models, taking into account that linear-equivalent or linear elastic
assumptions are not sufficient for the prediction of seismic displacements (i.e. seismic
settlements). Similar solutions should be adopted for future numerical investigations in other
similar areas with rough topography and potential non-linear soil behaviour.

The use of 1D site response analyses can be a possible alternative, when more advanced
2D investigations are not possible, but the use of hybrid models, is recommended in this
case as well. The results obtained in this way are more realistic than those obtained using
classical linear-equivalent methods, especially for situations where strong ground motion is
expected. However, the inability of such analyses to model the effects related to the local

topography should not be underestimated under any circumstances.
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Abstract

The understanding and quantification of soil structure interaction becomes increasingly
important in new projects, as well as in the risk assessment of existing buildings. The local
site effects, in conjunction with special performance requirements imposed by different types
of structures (e.g. industrial buildings), are challenging and an appropriate evaluation of the
soil-structure interaction is therefore often neglected. The possibility of using widely available
FE software to consider soil structure interaction is being explored in this contribution. The
case studied is an industrial building, with different types of foundations, located in a glacial
alpine valley with extensive deposits of alluvial soil, characterized by moderate seismicity.
Verification procedures and calibration of input parameters are presented with the purpose of

facilitating the future use of the employed software in other similar situations.

Keywords: time domain analysis, frequency domain analysis, soil structure interaction,

alpine valleys.
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4.1. Introduction

Changes in risk perception, as well as increasing requirements arising from the
corresponding changes in codes for engineering purposes, result in a need in practice for a
clear, simple and efficient way to deal with field situations incorporating soil structure
interaction. These have to be provided with the limitations of numerical modelling using
available FE programs and respecting the boundary conditions of modelling procedures,
different ways of analysis and computation capabilities.

The task of modelling the soil, the foundation, and the soil-structure interaction for a
generalised industrial building located in a glacial alpine valley with alluvial deposits is
presented for the area of Visp (Switzerland). Visp is characterised by a moderate seismicity
(PGA = 1.6 m/s? according to SIA 261, 2003) and experienced an estimated moment-
magnitude (M,,) of 6.2 event on July 25, 1855 (Fritsche, 2008).

The research is directly connected to COGEAR (Coupled seismogenic Geohazards in Alpine
Regions), a multidisciplinary project within ETH Zurich, funded by the Competence Centre for
Environment and Sustainability (CCES). The main object of study of COGEAR is the
seismic-induced hazard chain. One of the main interest areas is represented by the physics
of non-linear processes, which have been reported by eye witnesses about 150 years ago

(Fritsche, 2008), in relation to topography and soil disposition.

4.2. Idealised modelling

The FE modelling was performed using PLAXIS 2D (Brinkgreve et al., 2012) under the
assumption of plane-strains. A multitude of parameters and assumptions are required, and it
is very important to understand their influence on the reliability of results.

4.2.1. Soil profile

The ground model (Figure 4.1) was obtained as the result of compiling already data on the
subsoil in the area of interest, such as borehole profiles (COGEAR Platform, 2010) and soil
investigation reports (Résonance, 2010; Weber et al., 2007). Additionally, a final
simplification and verification of the model was performed using shear wave velocity profiles

from ambient noise array measurements (Burjanek, 2011).
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Legend:
(D silt layer (8m) (2)Gravel layer (6m)  (3)Silt layer (8m) (4)Gravel layer (10m)
(®)silt layer (20m)  (6)Moraine layer (20m) (7)Moraine layer (20m) (8)Moraine layer (8m)

Figure 4.1. Ground model used in the numerical investigations.

The FE mesh was generated using 15-noded triangular elements with an average size of
4.22 m and an average distance between nodes of 4.17 m /4 = 1.05 m. This value is below
the maximum node-to-node distance of 2.94 m obtained using the conditions presented by
Kuhlemeyer and Lysmer (1973) for 95% accuracy of the FE calculations.

A sensitivity analysis investigating the influence of the lateral boundary conditions on the free
field motion in the centre of the ground model was performed to obtain the optimal model
width, which minimises the unwanted effect of the reflected waves. PLAXIS offers the
possibility to define absorbent boundaries by means of relaxation coefficients. The variation
of the relaxation coefficients used to define the absorbent boundaries in PLAXIS was
observed to influence the response spectrum of the free field motion in the centre of the
ground model. The optimal width of the model was therefore obtained as the width at which a
doubling of these coefficients had an influence of less than 5 % on the response spectrum of
the free field motion. After several iterations, the optimal value of the model width was
determined to be 900 m (Figure 4.2) for an assumed constant depth of the soft deposits of
100 m. This depth has been chosen as relevant for the site of the industrial area (compare

Roten et al., 2009).
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Figure 4.2. Spectral variation with the increase of the relaxation coefficients (initial and final iteration).

4.2.2. Soil parameters
The linear elastic perfectly plastic Mohr-Coulomb constitutive model was used to simplify the
calculations. The set of corresponding soil parameters is given in Table 4.1, based on Weber

et al. (2007):

Table 4.1. Parameters for the soil layers in the analysed ground model.

Layer Soil type Vs v’ G E’ Eoed Vp ¢’ Clref
[m/s] [-] [MPa] [MPa] [MPa] [m/s] [°] [kPa]

1 Silt 200 0.3 81.63 212.2 285.7 3742 339 1

2 Gravel 390 0.3 357 928.1 1249 729.6 35 1

3 Silt 400 0.3 326.5 849.0 1143 748.3 33.9 1

4 Gravel 480 0.3 540.7 1406 1893 898.0 35 1

5 Silt 490 0.3 490 1274 1715 916.7 33.9 1

6 Moraine 720 0.3 1217 3163 4258 1347 35 1

7 Moraine 800 0.3 1502 3905 5257 1497 35 1

8 Moraine 850 0.3 1696 4409 5935 1590 35 1

Interfaces were used between structural elements and soil clusters to account for the soil-
structure interaction. However, no strength reduction was assumed at the contact between
soil and structural elements, and the PLAXIS 2D parameter called “Strength of the Interface”
has been defined as rigid.

One of the most important aspects of the soil parameters in the dynamic analysis is the

material damping, which is introduced by the Rayleigh coefficients ar and fr in PLAXIS.
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According to Park and Hashash (2004), these coefficients may be determined using the

following system of equations:

N
Fm}:i. flm ) .{“R} (4.2)
Cjn A i f ﬂR

f n

where f, and f, are two significant natural frequencies, while & ,and &, are the corresponding
damping ratios. The most suitable pair of Rayleigh coefficients was obtained by calibrating
the proposed PLAXIS model using a frequency domain analysis in the elastic range (EERA -
Bardet et al. 2000).

The elastic range was identified as the range where the damping values calculated in the soil
profile are under 5 %. Significant plastic deformations occur above this threshold and the
behaviour of the soil becomes non-linear. Figures 4.3 and 4.4 show the four different
earthquake signals (two earthquakes recorded by two different seismic stations: Aquila 2009,
M,, = 6.3 and Iceland 2008, M,, = 6.2) that can occur in Switzerland used in the calibration
procedure. The signals were scaled down for the calibration of the Rayleigh parameters, so

that all the resulting values in the damping profile from EERA remained under 5 %.
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Figure 4.3. Iceland earthquake signals (two different stations).
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Figure 4.4. L’Aquila earthquake signals (two different stations).

4.2.3. Calibration of Rayleigh coefficients

The calibration procedure consisted of a trial-and-error method for picking the right
frequencies, which lead to the convergence of the results from the time (PLAXIS) and
frequency domain (EERA). Park and Hashash (2004), Visone and de Magistri (2010)
presented different methods to choose the appropriate frequencies, which would deliver
convergence. However, the best convergence of the results was obtained using the current
iterative calibration for combinations between the second and another superior frequency
(third, fourth, etc.). The damping ratios required in the equations system (4.1) were obtained
for each soil layer from the EERA analysis

The results obtained with EERA and PLAXIS, for the input signals presented above, are

shown in Figures 4.5 — 4.8, by indicating the chosen natural frequencies.
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Figure 4.5. Calibration results for Iceland 2008 — 013010 Signal.
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Figure 4.6. Calibration results for Iceland 2008 — 013011 Signal.
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Figure 4.7. Calibration Results for L’Aquila 2009 — ACG Signal.
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Figure 4.8. Calibration Results for L’Aquila 2009 — GSG Signal.

4.2.4. Structural elements, foundation types

The structural elements were modelled using plate elements, according to Mindlin’s plate
theory (Bathe, 1982). The superstructure was replaced using the simplifying assumption of
an equivalent distributed load (including the self-weight and the live loads on the structure),
limiting the analysis to considerations related to the kinematic response. The analysis
includes three types of foundations: a shallow foundation, a deep basement and a pile
foundation.

Interfaces were introduced at the contact between structural elements (i.e. foundation mat,
piles, walls) and soil clusters (Figure 4.9) to allow for differential displacements between soil
and structures (i.e. sliding and gapping). The interfaces have identical material properties
with the surrounding soil.

The piles in Figure 4.9b were considered to be fixed at the top (at slab level) and the spatial
interaction between soil and pile rows was modelled under plane-strains conditions by using
equivalent sheet pile walls with reduced smeared stiffness, as suggested by Randolph
(1981) and Naylor (1982). The dimension of the foundation in the direction perpendicular to
the 2D problem modelled by PLAXIS was assumed to be 30m (assumption of a rectangular
layout of the foundation). The seven circular piles (D = 75 cm) were assimilated with a sheet
pile wall of equivalent width d = 60 cm, characterized by a smeared Young Modulus of E =

4.04 GPa.
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Figure 4.9. Foundation layouts and soil profile below the surface: a) shallow foundation; b) pile
foundation; c) deep basement.
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4.2.5. Input signal

The most common earthquake mechanisms in the area of Wallis are either strike-slip, or
normal fault (Deichmann & Ballarin-Dolfin, 2003) at a shallow depth. All computations were
performed using the 2008 Iceland (013010 Signal) earthquake (M,, = 6.3), which was
characterized by a normal fault mechanism and an epicentral depth of 10 km (USGS, 2008).
One method to obtain an input signal appropriate for the bottom of the FE model from
PLAXIS is to back-calculate an inside motion signal (which is more suitable for the non-rigid
bottom layer of the FE model) from the given outcrop signal. This can be obtained easily in

EERA, by applying the input original signal to the model as an outcrop motion, and
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calculating the inside motion corresponding to the lower most layer. This motion (Figure

4.10) was used as input in the further analyses performed with PLAXIS.
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Figure 4.10. Input Motion (Iceland 2008 — 013010, inside motion).

4.3. Results

4.3.1. Results related to soil-structure interaction

The first parameter to be analysed is the foundation input motion (FIM) in terms of response
spectra of the horizontal accelerations. The FIM for the shallow foundation shows almost
identical values with the free field motion (Figure 4.11a). For periods T < 0.09 s, the effect of
base slab averaging can be observed in the reduction of the spectral values. The stiff
foundation slab acts like a low-pass filter averaging the acceleration components in the low
period (high frequency) range. The 20 m long slender piles (D = 0.75 m) are flexible enough
to deform with the soil mass and the FIM is very similar to the free-field motion (Figure
4.11b). Several values exceeding the free field motion can be observed, indicating the
kinematic effect caused by the stiffness contrast between the foundation system and the
surrounding soil. The lowest spectral values were calculated for the deep basement as
combined effect of the kinematic soil-structure interaction: on the one hand, the effect of the
embedment at 10 m below the surface, and, on the other one, the base slab averaging at the

contact between basement and the soil below (Figure 4.11c).
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Figure 4.11. Output response spectra of the foundation input motion (Iceland 2008 — 013010).

Figure 4.12 shows the comparison between the FIM and the free field motion in terms of
horizontal displacements. The FIM is very similar for all foundation types, with residual
values of the horizontal displacements between 7 and 8 cm, which are slightly higher than
the free field motion (Figure 4.12 a-c). Figure 4.12d shows the difference between the three
different FIMs and the free field horizontal displacements. The deformations at the interface
between the shallow foundation and the soil are constrained due to the high stiffness of the
slab, and slippage occurs, leading to a permanent difference of 0.6 cm. Similar values were
calculated in the case of the deep basement, where the waves propagating vertically through
the soft soil cause a translation motion of the stiff deep basement. These kinematic effects of
the soil-structure interaction can be observed also in the clear phase difference revealed by
the oscillating differences calculated for the deep basement in Figure 4.12d. The pile
foundation, which showed the highest spectral values of the FIM, also experienced the

largest difference from the free field motion, with a residual value of 1.6 cm.
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Figure 4.12. Horizontal displacements for the three investigated situations: a) shallow foundation; b) pile
foundation; c) deep basement; d) summary of all results (Iceland 2008 — 013010).

Due to the limitations of the modelling conditions, vertical displacements occurred in the soill
mass at the lateral boundaries, inducing surface (Rayleigh) waves in the ground model. The
foundations interacted kinematically with these waves and tilted. Figure 4.13 shows the
distribution of residual vertical displacements of the ground model and of the shallow

foundation at the end of the seismic signal (t = 20 s).

99



4. Modelling of Soil-Structure Interaction in Alpine Regions

0.00 100.00 200.00 300.00 400.00 500.00 600.00 700.00 800.00 900.00

vl b b b b b b b b b b b b b s b b b b L

300.00 103 m)

0.00

pdn

200.!

=]
=3

-40.00

Ll

-80.00
100.

=)
=)

-120.00

[NERINNAY

R -160.00

C———— ——
‘ -200.00

-240.00

14
o
t=}

-100.00

IIH\|H\I\

LY.

-280.00

NIRRT

-200.00

-320.00
Total displacements uy (scaled up 400 times)

Maximum value = 6.066*10™ m

Minimum value = -0.3014 m

Figure 4.13. Distribution of vertical displacements on the surface of the ground model for the shallow
foundation at the end of the seismic signal Iceland 2008 — 013010.

The induced surface waves had the strongest impact on the shallow foundation located on
the surface of the ground model. The residual tilt calculated at the end of the seismic motion
had an absolute value 0.037 %. The deep basement tilted less than the shallow foundation
and a residual value of 0.016 % was calculated. In this case, however, a clear distinction
between the influence of surface waves and the kinematic effect of the embedment of the
stiff basement in the soft soil cannot be made. The 20 m long piles counteracted the effect of
the surface waves in terms of vertical displacement and the residual tilt of the pile foundation

was close to zero (Figure 4.14).
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Figure 4.14. Average tilting of the foundations (Iceland 2008 — 013010).
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4.3.2. Interaction between basement walls and surrounding soil

The soil structure interaction was modelled using the interface elements with the same
strength parameters as the surrounding soil. Sliding and gapping are modelled using elastic-
perfectly plastic springs, as defined by van Langen (1991) and implemented by Brinkgreve et
al. (2012). Gapping occurs when the tensile strength of the interface is reached during
loading in one direction. When the load is reversed, contact stresses are modelled to develop
immediately, considering that the surrounding material is granular and no additional
displacement is required to close the gap. The stiffness of the interface is automatically
determined by the FE software to avoid any inconsistencies of the local stiffness matrix.
Figure 4.15 shows the lateral displacements of two pairs of points on the wall and in the
adjacent soil clusters: points A and B at the top, and C and D at the bottom (Figure 4.15d).
The horizontal displacements of the two pair of points are almost identical, with some small
differences at the top part (points A and B). The plot of the relative displacements between
these two points reveals the gapping mechanism modelled by the interface elements, with

five major gapping events (Figure 4.15c).
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Figure 4.15. Soil-wall interaction: a) top lateral displacement; b) bottom lateral displacement; c) top
relative displacement; d) representation of the soil-wall interface (not to scale) - (Iceland 2008 — 013010).
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The variation of the lateral earth-pressure on the basement wall can be seen in Figure 4.16.
The discretisation of the FE mesh around the walls of the deep basement includes five
elements and 21 nodes for the entire wall height of 10m (see Figure 4.9c). This resulted in a
node-to-node distance of approx. 0.5 m, which ensured the accuracy of the results obtained
for this section.

At the beginning of the seismic motion, an active pressure distribution is modelled.
Subsequently, the pressure starts to concentrate on central part of the wall, between 2 and 5
m of depth, showing lower values in the top and bottom parts of the wall. The overestimated
values of the earth-pressure modelled at the bottom of the wall (10m of depth) are caused by
the inflexible corner points of the interface elements, which are unable to model accurate
values of the stresses. The increased stresses between 2 and 5 m of depth att =3 s and 10
s correspond to the displacement peaks in the positive direction shown in Figure 4.15a, while
the lower ones, modelled att = 5 s and 7 s, correspond to the gapping events visible in
Figure 4.15c.

This modelled behaviour fits with previously observed data in the literature (Chari &
Meyerhof, 1983; Tsang et al., 2002). Similar variations of the earth pressure were
experienced with integral bridge abutments subjected to cyclic loading (Ng et al., 1998),
when the granular soil filled the space behind the abutments, created as the interface
repeatedly opened and closed during cyclic loading. Due to this accumulation, the soil
densified, the local stiffness increased in the denser area, and horizontal stresses

concentrated and built up at mid-height of the abutment.
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Figure 4.16. Variation of earth pressure on the wall of the foundation basement - (Iceland 2008 — 013010).
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Figure 4.16 (continuation). Variation of earth pressure on the wall of the foundation basement - (Iceland
2008 — 013010).

4.4. Performance based design. Conclusions and discussion

The kinematic interaction between the fluvial sediments in an alpine valley and the
foundation of an industrial building was analysed. The static soil parameters for the 2D model
were obtained from existing data, while the dynamic ones were calibrated using a frequency
domain analysis in the elastic range. The results of the analysis matched already observed
behaviour and confirmed the possibility of using widely available software (PLAXIS) to
provide a reasonable approach to the performance-based design, even when using strongly
simplifying assumptions. Typical effects of the soil structure interaction were observed, such
as base slab averaging and embedment effects (Kramer & Stewart, 2004). In this way, the
results served the purpose of confirming and presenting a possible approach to
performance-based design, including soil-structure interaction. A consistent qualitative and
guantitative investigation can be performed by taking the inertial effects of the structure into
account.

The motivation behind this reiteration was introduced in the context of performance-based
design tendencies observed especially in the Swiss Norms. According to SIA 260 (2003),
paragraph 2.2 (Figure 4.17), the design of a structure involves a service criteria agreement,

which has to be defined in a dialogue between the client and the designers of the project.
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2.2 Service criteria agreement

2.2.1 The service criteria agreement shall be formulated on the basis of a dialogue between the owner and the
design engineers.

2272 The service criteria agreement comprises:
general aims for the use of the construction works
ambient conditions and third party requirements
operational and maintenance requirements
special requirements of the owner
objectives of protection and special risks
code-related requirements.

2.2.3 The objectives and the degree of protection shall be determined on the basis of a risk evaluation.

Figure 4.17. SIA 260 Basis of structural design (Paragraph 2.2).

Thus, there are two sides of the project, which are compared and matched in advance: the
required performance, which is given by the service criteria requested by the client (owner),
and the predicted performance, provided by the designer. Considering the required boundary
conditions, the performance of the provided solution can only be evaluated using simplified
calculations or numerical simulations. The alternative of reliable calculations and design
charts involves, in the case of seismic design, an extensive database of past seismic events.
This is a sensitive matter in areas of moderate seismicity, such as Switzerland, where
significant events are rare. The second alternative, represented by numerical simulations,
provided the motivation of performing the FE analysis presented above, which showed a
simple and efficient method to approach performance-based design including soil-structure

interaction effects.
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Abstract

The installation and instrumentation of a novel long-term seismic monitoring system, in the
most active seismic zone in Switzerland, is presented in this paper. The novelty of the
system is represented by the constellation of sensors installed together at the same seismic
site. The system includes a Shape-Acceleration-Array (SAA), a multi-level piezometer array,
and triaxial downhole and surface strong-motion sensors. The deformation, acceleration and
pore pressure profiles can be recorded during an earthquake with a high degree of accuracy
using this system. The site response in an alpine valley with a complex bedrock shape can
be measured and analysed, the influence of non-linear soil behaviour under moderate
seismicity can be detected, and in case of a strong event, the process of liquefaction can be
monitored. The obtained data will be used to calibrate numerical simulations of the wave field

and seismic behaviour of civil and geotechnical structures located in alpine valleys.

Keywords: seismic monitoring, site response, borehole, SAA, multi-level piezometer, non-

linear behaviour, soil liquefaction
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5.1. Introduction

The risk associated with the seismic hazard in alpine valleys increases with the development
of lifeline, civil, and industrial structures in areas with historical evidence of strong ground-
motion and liquefaction during past earthquakes (Fritsche et al., 2006). In this case, the
understanding of wave propagation, non-linear soil behaviour, and associated effects is
essential. For this purpose, numerical models (e.g. Roten et al., 2008, 2009; Marin et al.,
2016) have to be developed to simulate the seismic amplification and its effects, and
monitoring systems have to be installed to validate the models developed and to enhance
the capacity to forecast possible earthquake impacts.

The Rhone Valley in Switzerland is a typical example of an alpine valley filled with sediments
expected to show strong ground-motion amplification, non-linear soil behaviour and
associated effects in the case of an earthquake. Areas like this, prone to highly non-linear
soil behaviour or soil liquefaction, are already developed and cannot be avoided in the
planning process, due to the increasing density of buildings in the limited space provided by
the valleys. As a consequence, safety measures have to be considered based on a clear
understanding of the anticipated soil response during an earthquake. The interdisciplinary
project COGEAR (Coupled seismogenic geohazards in alpine regions) approached this
challenge by investigating the hazard chain related to earthquakes in the Alpine environment
in Switzerland (Fah et al., 2011, http://www.cces.ethz.ch/projects/hazri/ COGEAR).

Module 3a of this project studied the wave propagation in complex surface structures in the
alpine environment. On the one hand, numerical modelling of wave propagation and
associated phenomena was performed to evaluate the effects of the seismic loading in terms
of ground displacements, induced stresses and strains, and non-linear behaviour of soil. On
the other hand, local long term strong-motion networks and geotechnical monitoring systems
were installed to provide data to calibrate numerical simulations.

The long-term seismic monitoring system presented here combines both strong-motion
sensors and geotechnical monitoring systems. It was installed in the Rhone Valley in the

town of Visp with a planned operation time of about 20 years. The set-up aims to collect
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relevant data related to the local amplification of seismic waves from the bedrock to the
surface of the alluvial deposits, together with information about non-linear soil behaviour and
development of pore pressure. The strong-motion sensors were installed in boreholes and at
the surface to capture the local amplification of the seismic motion. The Shape-Acceleration
Array (SAA) (Danisch et al., 2004) capturing deformations, and the multilevel-piezometer
array recording pore pressure changes associated to the non-linear soil behaviour, were
installed in boreholes in the top 12 m of the alluvial deposits. The system is integrated in the
real-time strong motion network operated by the Swiss Seismological Service (Clinton et al.,
2011), with additional strong motion stations in Visp and the surrounding region (Michel et
al., 2014).

This seismic monitoring system is the first of its type in Switzerland and one of the few
worldwide. Preliminary tests (Zeghal et al., 2004) showed that the SAA represents an
effective tool to analyse and assess the local dynamic response of a geological structure.
Abdoun et al. (2008) performed full-scale laboratory tests in a laminar container and
compared the data obtained using the SAA with parallel measurements made with traditional
instruments, such as accelerometers and displacement sensors. The good agreement
between the measurements showed that the SAA is able to measure in-situ accelerations
and displacements simultaneously and accurately. An SAA-based seismic monitoring system
was installed in the Wildlife Refuge area in southern California (Mercado et al., 2011) with
the purpose to identify the soil parameters at low and high strains, but also to record any
occurring earthquakes and to provide data for further model identification and verification.
Mercado et al. (2011) reported data recorded by the monitoring system, which included pore
pressure time-histories parallel with the SAA measurements, during the Baja California
earthquake from April 4, 2010.

The monitoring system installed in Visp will provide data and advance this field of earthquake
engineering for areas with moderate seismicity such as Switzerland. Locally, the installation
of these combined instruments represents a novelty and can be considered as a pilot project,
used to prove the feasibility of such monitoring systems and to calibrate models from

observations of small earthquakes (M < 4) that occur frequently in that area.
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5.2. Details of the instrumented site

The site of the monitoring system is located in the most seismically active region in
Switzerland in the canton of Valais, in the Rhone Valley, next to the town of Visp. This
location is representative for the situation of deep alpine valleys filled with granular
sediments, which are prone to two-dimensional effects and are associated with non-linear
soil behaviour. The bedrock is 160 — 180 m deep in the area of the instrumented site and it

can reach a maximum depth of 260 — 300 m depending on the location in the valley

(Burjanek et al., 2011) (Figure 5.1).
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Figure 5.1. Depth of the Rhone Valley in the Visp area (after Burjanek et al., 2011) and location of the
monitoring system.

The five boreholes are arranged in a square shape with a centre hole and each one of them
has a different depth and a different designated instrumentation (Table 5.1). The chosen set-
up minimises the unwanted interferences between instruments and simplifies the installation
of the sensors. An anchored concrete shaft was put in place in the northern corner of the site

for the installation of the surface strong-motion sensor (Episensor) (Figure 5.2).

Table 5.1. Boreholes depth and instrumentation at the seismic monitoring site in Visp.

Borehole Number Borehole depth Borehole instrumentation

BH 1 15m Strong-motion sensor
BH 2 25m SAA

BH 3 25m Multi-level piezometer
BH 4 58 m Strong-motion sensor
BH5 102 m Strong-motion sensor
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Figure 5.2. Plan view of the seismic monitoring site in Visp.

The valley is filled with alternating alluvial layers of silt and gravel and talus deposits may be
found at greater depths. The identification of the soil layers down to 108 m was achieved by
destructive drilling, while more detailed information about the soil layers close to the surface
(down to 25 m) obtained by cored drilling. The layers of alluvial deposits in Figure 5.3

correlate with profiles determined previously from the analysis of shear waves velocities

obtained in the same area (Burjanek et al., 2011).
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Figure 5.3. Geological profiles at the location of the seismic monitoring site in Visp (left: destructive

drilling profile; right: cored drilling profile).
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5.3. Components of the monitoring system

Originally, borehole BH 5 was planned to be 150 m deep. However, a layer of rough talus
deposits was encountered between 90 — 100 m and the drilling technique utilised was not
effective anymore. In addition, the temperature of the water sampled at 96 m raised suddenly
to 18 °C indicating the existence of a thermal aquifer. The possible risks associated with
drilling through thermal aquifers (artesian conditions) and the difficulties imposed by the new
geological conditions (talus deposits) lead to the decision to stop the advancement at 108 m

depth.

5.3.  Components of the monitoring system

5.3.1. Shape-Acceleration Array

The SAA is a monitoring system, which was developed by a team of researchers from
Rensselaer Polytechnic Institute (RPI) together with Measurand Inc., based on MEMS
technology (micro-electro-mechanical system) (Danisch et al., 2007). The system is able to
measure simultaneously 3D deformations and accelerations, based on the tilt from the
gravitational direction. The SAA installed in BH 2 is 12 m long and consists of 24 rigid
segments (each 0.5 m long). These are connected by joints with two degrees of freedom,
which do not allow torsion or extension. Each segment has three tri-axial accelerometers,
and for each eight segments there is one in-array microprocessor collecting and sending the
digital data. As a result, 3D deformations and accelerations can be measured in each of the
25 joints of the SAA segments.

Some of the technical specifications of the SAA purchased from the manufacturer

(Measurand, 2010) can be found in Table 5.2.

Table 5.2. Summarized technical specifications of the SAA.

Dynamic measurements

Measurement range +-2g

Noise floor 220-10°® g/root-Hz
Sampling frequency 100 Hz

Static measurements

Measurement range of software in 3D mode +/- 60° from vertical
Resolution relative to starting shape +/- 1.5 mm for 32 m of SAA
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The SAA can be generally installed in any position from horizontal to vertical, as the intended
position does not influence the factory fabrication and calibration. For the current monitoring
system, the instrument was installed vertically in a PVC protection pipe in the designated
borehole. The space between the borehole casing and the protection pipe was filled with fine

sand (Perth-sand, Buchheister, 2009) as adopted by Buchli et al. (2013) (Figure 5.4).

R

PVC pipe)

30
9.

\

Figure 5.4. Snapshots from the installation of the SAA - August 2015: a) SAA on the delivery reel before
installation; b) PVC protection pipe and fill material; c) final position of the SAA connection cables at the
borehole top.

After being installed in its final position, the SAA provides 25 measurement points in
approximately 12 m of soil below the surface (Figure 5.5). This includes the entire top layer
of silty sand (9.20 m) and 3 m of the sandy gravel layer. Under these conditions, the
identification of seismic wave amplification due to the stiffness contrast between the two
different materials is possible. Figure 5.5 shows a schematic representation of the final

position of the SAA in borehole BH 2.
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Figure 5.5. Schematic representation of the final position of the SAA at the seismic monitoring site in
Visp.

5.3.2. Multi-level piezometer array

The multi-level piezometer array consists of six vibrating wire piezometers (Geokon, 2014;
4500 Series) They measure pressure by means of a sensitive steel diaphragm connected to
a vibrating wire element. Any change in the pressure on the diaphragm causes a change in
the frequency of the vibrating wire element. The pressure applied to the diaphragm can be
easily determined, as it is proportional to the square of the vibration frequency. The main

technical specifications of the vibrating wire piezometers are given in Table 5.3.

Table 5.3. Technical specifications of the vibrating wire piezometers.

Measurement range +/- 500 kPa
Resolution 0.125 kPa
Accuracy 0.5 kPa
Temperature range -20 ... +80 °C

The piezometers are shielded from each other in borehole (BH 3) to be able to record the

pore pressure independently at different depths. Each piezometer was installed in a
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permeable collection zone filled with quartz-sand. The layers separating the collection zones
were made by injecting an impermeable mix of bentonite and cement. Textile pockets filled
with sand (“sand-plugs”) were used to prevent the contamination of the collection zones with
the fresh impermeable mix. The borehole was stabilised using a screen casing, allowing the

pore pressure in the surrounding soil layers to be measured. (Figure 5.6).

www.geokon.com

Figure 5.6. Snapshots from the installation of the multi-level piezometer - August 2015: a) impermeable
mix preparation; b) impermeable mix injection; c) “sand-plugs” installation; d) piezometer installation in
the permeable collection zone; e) vibrating wire piezometer.

During the installation of the array, the depth of each piezometer was measured to determine
its position with respect to the identified soil layers. In conjunction with the SAA, which also
covers the first 12 m of alluvial deposits, the multi-level piezometer provides important data
related to the development of the pore pressure in the different soils: the first two
piezometers (P1 - P2) from the top are located in silty sand and the third one (P3) is at the
boundary between silty sand and gravel; the next two piezometers (P4 — P5) are installed in
gravel and the deepest one (P6) is located in a thin layer of silty sand. Figure 5.7 depicts a
schematic representation of the final position of the multi-level piezometer array in borehole

BH 3 and the corresponding soil layers.
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Figure 5.7. Schematic representation of the final position of the multi-level piezometer array at the
seismic monitoring site in Visp.

5.3.3. Strong-motion sensor

Four strong motion sensors were installed at the monitoring site: three Hyposensors ES-DH
and one Episensor ES-T (Kinemetrics, 2016) (Figure 5.8). The Hyposensors were installed at
the bottom of the boreholes intended for that purpose and the Episensor was installed at the

surface to record the free field motion.
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62 mm

www.kinemetrics.com

Figure 5.8. Kinemetrics strong motion sensors: a) Hyposensor; b) Episensor.

The sensors consist of three orthogonally mounted force balance accelerometers, based on
the principle that the acceleration of a mass is proportional to the force required to accelerate
it. More specifically, the force required to keep the mass located inside the accelerometers in
balance is measured during the seismic event and then used to determine the acceleration

acting on the mass. Some technical details of the sensors can be found in Table 5.4.

Table 5.4. Technical specifications of the strong-motion sensors.

Dynamic range 155 dB

Bandwidth DC to 200 Hz

Full scale range User-selectable at: + 0.25¢9,+0.59,x19g,t2gort4g
Hysteresis 0.1 % of full scale

Linearity <1-103g/g?

Zero point thermal drift <2 % of full scale, between -20 ... +70 °C

Operating temperature -20 ... +70 °C

5.4. Data handling

The instruments installed are constantly monitoring the seismic activity and the pore
pressures at the site. The archiving of the measurements is made separately, due to the
different volumes of data generated by the sensors. The data from the strong-motion sensors
and the multi-level piezometer array is transmitted in real-time to the archive of the Swiss
Seismological Service (SED) and can be accessed at any time through the SED public web
page http://arclink.ethz.ch. The data from the SAA is saved locally at the monitoring site in
Visp and can be downloaded manually via remote desktop. These measurements are

available upon request at the Institute for Geotechnical Engineering (IGT).
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5.5.  First static and dynamic measurements

5.5.1. Static measurements

The first measurements after the installation of the monitoring system were made using the
multi-level piezometer array and the distribution of pore pressure was compared with the
ideal hydrostatic distribution to validate the data. The measurements were performed during
seven months (August 2015 — February 2016) and they showed values below the hydrostatic
level. The negative offset from the hydrostatic level was caused by the seasonal decrease of
the ground water table. This initiated a downward flow within the permeable deposits, which
reduced the static component of the pressure measured by the piezometers. The reduced

pore pressure (u) measured by the piezometers can be expressed as:
u=@1-i)-7,-2 (5.1)
where i — hydraulic gradient due to the downward water flow [-]
vw — unit weight of water 10 kN/m?®
z — depth of pore pressure measurement [m].
The value of the hydraulic gradient (i) can be determined using the pore pressure (u):

izl_ﬁ (5.2)

Figure 5.9a shows the first measurement performed in August 2015 and Figure 5.9b the

summary of the hydraulic gradient values from August 2015 to February 2016 determined

using (5.2).
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Figure 5.9. Sample data from the multi-level piezometer from the seismic monitoring site in Visp.
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The data measured by the multi-level piezometer array is validated by these plots. The
hydraulic gradient caused by the seasonal variation of the ground water level fits in the local
hydro-geological context. The values of the gradient are increasing in the lower part of the
top layer of silty sand and in gravel, and decrease again when approaching the second layer
of silty sand, which acts like a barrier in the vertical water flow. The values of the gradients
increase from August 2015 to February 2016, as the vertical downward flow increases due to
the seasonal reduction of the ground water level.

5.5.2. Dynamic measurements

The first dynamic measurements were possible soon after the installation of the monitoring
system. The town of Visp is located in the most seismically active region in Switzerland,
where low magnitude seismic events occur frequently. A magnitude M = 3.1 event occurred
in Sierre, 28 km west of Visp, on the 14™ of October 2015 at 00.13.44 (UTC). The maximum
local accelerations at the surface recorded by the monitoring system were in the range of
0.02 - 0.05 m/s?. Although this was a small magnitude event, the strong-motion sensors and
the multi-level piezometer array were able to detect it. However, the values of the maximum
accelerations did not exceed the noise limit of the SAA (0.02 — 0.04 m/s®) and no consistent
seismic signal could be identified with this instrument. It is important to mention that the SAA
raw data processing was performed using proprietary software from the manufacturer. This
can lead to serious challenges when interpreting data if no additional validation is possible,
as shown by Buchli et al (2016). In this sense the data obtained from the strong-motion
sensors can be used to verify the validity of the SAA measurements, when these are
available.

Figures 5.10 and 5.11 show the three components of acceleration recorded by the surface

strong-motion sensor and the data measured by the multi-level piezometer array.
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Figure 5.10. Local accelerograms from the Episensor at the seismic monitoring site in Visp during the
Sierre event on 14™ October 2015 (M = 3.1, Repi = 28 km).
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Figure 5.11. Pore pressure variation in borehole BH 3 at the seismic monitoring site in Visp during the
Sierre event on 14™ October 2015 (M =3.1, Repi = 28 km).

A clear relationship between the acceleration data and the pore pressure measurements can
be observed. Love and S-waves do not induce pressure variations and therefore the peak
recordings of piezometers are caused by Rayleigh and P-waves. These are generated by the

S-to-P wave conversion occurring at the deep interface between bedrock and alluvial
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sediments. Figure 5.11 shows that peak values of the pore pressure occur simultaneously
with the arrival of P-waves (00:13:54.3) best seen on the vertical component Accel Z from
Figure 5.10.

The influence of the soil type on the amplitude of the pore pressure variation can be
identified by plotting the maximum amplitudes recorded by each piezometer on the existing
soil profile. As expected, the piezometers installed in the silty layers, or in their close vicinity,
show the highest pore pressure increase (0.4 — 0.5 kPa) and those in the gravel layer record
lower values (0.25 kPa) (Figure 5.12). Although the values of the pore pressure increase are
very low, due to the reduced magnitude of the seismic event, these measurements support
the possibility of capturing effects related to non-linear soil behaviour using the monitoring
system installed. They also confirm the initial hypothesis related to the liquefaction

susceptibility of the soils in the area investigated.
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Figure 5.12. Maximum pore pressure increase recorded by the multi-level piezometer array at the seismic
monitoring site in Visp during the Sierre event on 14" October 2015 (M = 3.1, Repi = 28km).

5.6. Conclusions
One focus of the interdisciplinary project COGEAR was the investigation of the hazard chain
related to earthquakes, based on a clear understanding of the seismic soil response. This

can open the way for identifying and quantifying the effects caused by non-linear soil

124



5.6. Conclusions

behaviour. The monitoring system installed at the site in Visp contributes to better
understanding of the soil response to seismic events.

The site can be considered as representative for situations of deep alpine valleys that are
both filled with sediments prone to liqguefaction and exposed to moderate seismic activity.
The location and geology of the instrumented site are optimal for the planned purpose.

The sensor combination of this monitoring system enables a seismic event to be investigated
from different perspectives. The data provided by the strong motion sensors installed at
different depths (102 m, 58 m, and 15 m) and at the surface allows the evaluation of the
wave propagation at large scale. The SAA can provide similar data for the first 12 m of soil
profile, with better spatial resolution. In addition to this, the multi-level piezometer array can
measure the pore pressure development in the same depth range in which the SAA
measures deformations during seismic events.

The first measurements showed that the monitoring system functions effectively in both static
and dynamic regimes. The static measurements made using the multi-level piezometer array
contribute to a better understanding of the response of local aquifers, by quantifying the
effect of seasonal variation of the ground water table in terms of vertical water flow. The
dynamic measurements during the small earthquake from Sierre (M = 3.1, Repi = 28 km)
confirmed the potential non-linear soil behaviour due to pore pressure increase. They show
the sensitivity to the seismic action of the local saturated silty deposits, in terms of pore
pressure variation. This also points to the liquefaction susceptibility of the silty layers in the
Rhone Valley, should the shaking be of sufficient magnitude and duration.

The recording of seismic events starting from the range of low magnitudes and the
measurement of the associated deformations and pore pressures in the 12 m of alluvial
deposits below the surface was made possible with this seismic monitoring system. As the
first measurements show, essential data for the understanding of wave propagation and non-

linear soil behaviour in alpine valleys can be obtained.
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Abstract

The seismic design of slopes, dams or embankments is usually based on limit equilibrium
calculations, which include the seismic action by means of an equivalent static force acting
on the failure mechanism. This approach is limited, especially in situations in which existing
steep structures or natural slopes have to be analysed. An alternative approach, which
overcomes the limitations of the classical limit equilibrium calculations, is available with
displacement-based methods. The displacement-based analysis offers the possibility of
evaluating the seismic behaviour in terms of displacements, in contrast to the limit-
equilibrium calculations, which only provide information about the ratio between the
stabilising and destabilising forces acting on the structure. The displacement-based
approach allows the analysis of the seismic behaviour and, based on the resulting
deformations, the corresponding risk evaluation. In addition to that, the optimised seismic
design of new geotechnical structures is possible by ensuring the compliance of the seismic
behaviour with given requirements. This paper presents a displacement-based procedure to
be incorporated in the Swiss design codes for the seismic analysis of slopes, dams and

embankments.

Keywords: displacement-based design, seismic deformations, slope stability, dams,

embankments.
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6.1. Introduction

The cornerstone of the displacement-based geotechnical seismic design is the sliding-block
method published by Newmark (1965). This method is based on the assumption that the
displacement of a geotechnical structure can be associated with the sliding of a solid block
on an inclined plane. The friction between the solid block and the inclined plane consists of
all stabilising factors acting in the failure mechanism of a geotechnical structure such as a
slope. The stabilising factors in the soil include the effective angle of internal friction, any
cementation, suctions, and effects of vegetation roots or anchors. When the global factor of
safety FSy reaches values smaller than one due to seismic forces acting in the ground, the
conditions are created for sliding to occur and the driving forces generate displacements.

The critical acceleration a.;, representing the acceleration at which FSy = 1 is obtained from
the limit-equilibrium calculations, is the most important factor in Newmark's method. For
accelerations higher than a;, the stability is lost, the driving forces are larger than the friction
forces, and displacements are generated as long as the relative velocity of the sliding block,
obtained from the integration of the accelerations, is larger than 0. The sum of the
displacements obtained from the integration of the relative velocity represents the expected

deformations of the geotechnical structure for the given seismic signal (Figure 6.1)
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Figure 6.1. The concept of Newmark’s sliding-block (after Anderson et al., 2008).
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Early studies explored and evaluated the possibilities of applying the concepts of Newmark's
method to improve the approximation of seismic displacements of dams. In this context,
Seed and Martin (1966), Ambraseys and Sarma (1967), or Makdisi and Seed (1978)
suggested different methods for the evaluation of the seismic coefficients to be used in the
limit-equilibrium calculations for the determination of the critical acceleration. Lin and
Whitman (1983), Chopra and Zhang (1991), Gazetas and Uddin (1994), Kramer and Smith
(1997), Bray and Rathje (1998) investigated the possibility of a more accurate determination
of the seismic response of the sliding mass mobilized by the failure mechanism.

Methods of approximation of the seismic-induced displacements for geotechnical structures
such as dams, slopes, and retaining structures, were developed based on Newmark's
method. The failure mechanisms are compatible with Newmark's concepts for these types of
structures. In this context, Richards and Elms (1979), Whitman and Liao (1984), Martin and
Qiu (1994), Cai and Bathurst (1996), Bray et al. (1998), SCEC (2002), or Bray and
Travasarou (2007) suggested seismic slope displacement procedures based on large sets of
selected earthquakes.

Using the results of these studies, Anderson et al. (2008) refined the semi-empirical
relationships for the evaluation of the seismic-induced displacements suggested by Martin
and Qiu (1994) and adapted them to the seismic conditions in the USA. The displacements
calculated depend on the maximum acceleration an. Of the earthquake, the ratio of the
critical acceleration of the geotechnical structure to the maximum acceleration of the

earthquake agt / amax, and the peak ground velocity PGV (Equation 6.1).

a; Ay a
log(d)=b,+b, log [;—m] +b, log [1—;—’“]+ b, log [%]+ b, log(PGV) (6.1)
where d - seismic-induced displacement [cm]
Acrit - critical acceleration of the geotechnical structure [g]

amax - Maximum acceleration of the earthquake [g]
PGV - peak ground velocity [in/s]

b:...bs - regression coefficients.
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A displacement estimation method was developed for the moderate seismicity of the alpine
environment in Switzerland, based on the international methods mainly proposed for areas of
high seismicity. Even though the maximum magnitude of a seismic event in the Swiss alpine
region is not expected to exceed M = 6.5 (475 years return period), the demand for
displacement-based analysis is high, especially for natural slopes, but also for man-made

structures.

6.2. Calculation of seismic displacements
The estimation of the seismic displacements was performed using a total of 1114
representative earthquake signals selected by the Swiss Seismological Service (SED) from
different earthquake databases:

e 224 signals from the Italian earthquake database (Luzi et al., 2008; Pacor et al.,

2011)

e 810 signals from the Japanese seismic network (http://www.kyoshin.bosai.go.jp/)

¢ 80 signals from the European Strong-Motion database (Ambraseys et al., 2002).
The selected earthquakes originate from sources equivalent to the Swiss seismicity. The
criteria used in the selection process were defined by considering the fault mechanism, the
magnitude, the epicentral distance, and the soil conditions. Therefore, the final set of
earthquakes includes events characterised by the strike-slip fault mechanism with a
magnitude M,,= 4.8 — 5.6 for an epicentral distance Rep < 30 km, and M,,= 5.6 — 7.0 for Rep <
50 km, recorded on sites with various soil conditions (from soft soil to rock).
Figures 6.2 and 6.3 show the distribution of the magnitudes and epicentral distances of the
selected earthquakes and display their compatibility with the criteria used to define the Swiss

seismicity.
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Figure 6.2. Distribution of the magnitudes of the selected set of earthquake signals compatible with the
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Figure 6.3. Distribution of the epicentral distances of the selected set of earthquake signals compatible
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The set of 50 hypothetical structures analysed covers a wide range of slopes, dams, and
embankments with critical accelerations ag;; ranging from 0.01 — 0.50 g, with an incremental
step of 0.01 g. The information related to the type and geometry of each hypothetical
structure is incorporated in the assumed value of the critical acceleration ag;. The seismic
displacements of these structures were calculated based on Newmark's method for both the
negative and positive direction of the 1’114 earthquakes (a total of 2’228 different earthquake

scenarios). As a result, a total of 111'400 Newmark analyses were systematically performed
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6.2. Calculation of seismic displacements

to evaluate the expected deformations of geotechnical structures for earthquakes likely to
occur in Switzerland.

More than 97 % of the entire set of the analyses performed (107’699 of 111°400) showed
seismic displacements below 1 cm and more than 99 % of the results (110’579 of 111°400)
were below 10 cm. The distributions of the results can be seen in Figures 6.4 and 6.5.
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Figure 6.4. Distribution of the calculated displacements from 0 - 9.99 cm (110’579 displacements).
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Figure 6.5. Distribution of the calculated displacements from 10 - 99.99 cm and above 100 cm (821
displacements).

Due to the different size of the displacement intervals on the horizontal axes (i.e. 1 cm
intervals in Figure 6.4, and 5 cm intervals in Figure 6.5) a jump in the number of calculated

displacements from 76 (9.00 - 9.99 cm) to 265 (10.00 - 14.99 cm) can be observed. The two
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6. Displacement-Based Seismic Analysis of Slopes, Dams, and Embankments

diagrams should be regarded as separate, considering the different scales and interval sizes
on their horizontal axes.

Another way of analysing the results is to display the expected displacements for structures
with different values of agy In the first step, an overview of the PGA values of the

earthquakes used in the Newmark analyses is displayed in Figure 6.6.
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Figure 6.6. Distribution of the PGA values in the set of selected earthquakes (1’114 events).

In the next step, the distribution of displacements was summarised for four groups of
hypothetical structures, covering four ranges of critical acceleration values (Table 6.1). The
structures in group 1 (0.01 g < at < 0.05 g) showed displacements below 1 cm in 81 % of the
cases. This percentage correlates with the signals with PGA values below 0.1 g,
representing 79 % of the entire set of earthquakes. Further on, the deformations between 1 —
10 cm occurred in 13.5 % of the cases for the same group of structures. This correlates with
the signals with PGA values between 0.10 — 0.19 g, representing 12.1 % of the entire set.
Finally, the structures in group | showed displacements above 10 cm in only 5.5 % of the
cases. The signals with PGA values above 0.19 g can be correlated with these
displacements. This is also the highest percentage of displacements above 10 cm, as the
other groups of structures with higher values of a.;; showed lower percentages (i.e. 15 % for

group 11, 0.5 % for group 1ll, and 0% for group 1V).
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6.2. Calculation of seismic displacements

Table 6.1. Distribution of the calculated displacements considering the critical acceleration of the
geotechnical structure.

Group of Critical acceleration ag;i Percentage of calculated displacements
structures [g] below Icm 1cm-—10cm above 10 cm
I 0.01 -0.05 81% 13.5% 5.5%

Il 0.05-0.10 93% 5.5% 1.5%

[l 0.10-10.20 97% 2.5% 0.5%

v above 0.20g 99.5% 0.5% 0%

As shown by Sarma and Bhave (1974), the relationship between the critical acceleration and

the global factor of safety is linear (6.2):

Aerit _ (FSQ _1) (6.2)
g 3.33
where ag -critical acceleration of the geotechnical structure [g]

FS, -global factor of safety, calculated with characteristic soil parameters (no
reduction factors for partial safety)

However, the critical acceleration values obtained with this relationship are not reliable for all
slope geometries. For flat slopes with very small driving forces, the global factor of safety FS,
is high, but only very small inertia forces are required to cause slope failure. This effect is not
captured by (6.2) and a reliability range in terms of slope inclinations needs to be defined.
Figure 6.7 shows the comparison of the critical accelerations obtained using relationship
(6.2) and Bishop’s method of slope stability, for slope inclinations ranging from 5° - 40°.
Relationship (6.2) over-estimates the value of the critical acceleration by a factor of 2 — 4 for
flat slopes (below 10°), while the value is under-estimated by 20 — 25 % for slopes steeper
than 35° (1:1.4). In this context, a possible range where this relationship can be used is
between 20° - 30°. The results include additional conservatism for steeper slopes, since the

calculated critical acceleration is lower than the real one.
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Figure 6.7. Ratio between critical accelerations obtained using Eq. (6.2) and Bishop’s method for slope
stability analysis for different slope inclinations.

A relationship similar to (6.2) was also observed by Laue et al. (2012) in the results of
comparable numerical simulations perfomed on a 34° inclined slope (Figure 6.8). According
to (6.2), geotechnical structures with slope inclinations between 20° — 30° and a global factor
of safety FSy = 1.3 are characterised by a corresponding critical acceleration a. = 0.09 g.
These structures are expected to experience deformations smaller than 10 cm in 98.5 % of

the cases, in the context of moderate Swiss seismicity (see Table 6.1).
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Figure 6.8. Relationship between the critical acceleration and the global factor of safety FSq (after Laue et
al., 2012).

Since only 5.5 % of the displacements calculated for a; < 0.05 g are above 10 cm, this
limiting value of the critical acceleration represents a reasonable threshold for the seismic
analysis. The corresponding global factor of safety is FSy = 1.16, according to Sarma and

Bhave (1974).

138



6.3. Development of the displacement estimation relationship

Considering these results, only geotechnical structures with FS; < 1.16 are expected to
experience large deformations in the case of an earthquake in Switzerland. These structures
are already critical, as the global factor of safety FS, = 1.05 — 1.1 indicates a state in which
stability is assured only by mechanisms usually not accounted for in standard static
calculations (e.g. vegetation in natural slopes, suctions and cementation in old dams, etc.).
Creep and loss of stability in case of events such as intensive rainfall or earthquake can

occur for these structures.

6.3. Development of the displacement estimation relationship

All geotechnical structures compatible with Newmark's sliding block assumption can be
characterised using the critical acceleration ac;. This is also the only parameter of the
displacement estimation relationship that is affected by factors such as friction angle,
cohesion, and pore pressures. If ayi; was correctly determined, the displacement estimation
relationship provides reliable results, by taking into account the effect of these factors.
However, the relationship cannot be used in the situations in which the pore pressure and
the critical acceleration vary during the earthquake, since Newmark’s assumptions are
violated in these cases.

The validation of existing displacement estimation methods e.g. (Anderson et al., 2008) and
the development of new estimation approaches were possible by plotting the displacements
against the ratio a. it / amax. The plot of the results can be seen in Figure 6.9.

The top most data points marked with dashed lines, representing the upper bound of the
scatter, were generated by two earthquakes: Montenegro 1979, M,,= 6.9 and Friuli 1976, M,,
=5.9. These points influenced the further considerations and they were left in the data set for

conservative reasons.
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Figure 6.9. Calculated displacements against the corresponding ratios acrit/amax-

The displacements were estimated with an accuracy of 0.1 cm. This leads to displacement
values that seem to be identical for different values of the ratio act / amax, €specially below 1
cm. Moreover, Figure 6.9 shows that most of the data points in the scatter are below the limit
of 1 cm (see also Figure 6.4).

The shape of the scatter is very similar to the results presented by Anderson et al. (2008)
and this supports the idea of transposing the regression curves given by him to the Swiss
context. The following regression relationship suggested by Anderson et al. (2008) was

considered in the following steps:

ac—f“}s.z? |og[1—MJ—o.80|og[%—aXJ+1.59 Iog(PGV)J
9

-1.51-0.74log
d=2- 2.54-10[ [a* A (6.3)

Where d - seismic-induced displacement [cm]
Acrit - critical acceleration of the geotechnical structure [g]
amax - Maximum acceleration of the earthquake [g]
PGV - peak ground velocity assumed as PGV = 30 - anax / g [iN/S]
g - gravitational acceleration.
The factor 2 at the beginning of the relationship indicates that the suggested regression

curve represents an 84 % fractile curve in the North American context.
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6.3. Development of the displacement estimation relationship

The adaption of the relationships suggested by Anderson et al. (2008) was made separately
for every value of ag, as shown e.g. in Figure 6.10 for a.; = 0.01 g and in Figure 6.11 for ac;
= 0.15 g. The regression curve was plotted together with the scatter of the calculated

displacements to check their compatibility.
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Figure 6.10. Calculated displacements and regression curve (Anderson et al., 2008) for acrit = 0.01 g.
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Figure 6.11. Calculated displacements and regression curve (Anderson et al., 2008) for acrit = 0.15 g.

The compatibility of the results can be observed by comparing the calculated displacements
with the curve presented by Anderson et al. (2008) as the 84 % fractile for the US seismicity.
This curve is relevant for the Swiss seismicity context because it incorporates enough
conservatism, especially for the structures with low values of a.; (see Figure 6.10). For
higher values of a., the curve is exceeded by some data points. However, high values of ag;

represent geotechnical structures that are expected to experience only small displacements.
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Only 60 of 2’228 data points shown in Figure 6.11 represent displacements above 1 cm. The
exceedance of the curve is more probable for higher values of a.; but most of the

corresponding displacements are very small (Table 6.2).

Table 6.2. Number of calculated displacements for different values of the critical acceleration.

Total number of calculated displacements Displacement values [cm]
Ocm..lcm lcm..10cm 10cm ... 100 cm 100 cm ... 500 cm Maximum Average
Direction . . . . . . . . . . . .
o Positive  Negative  Positive  Negative  Positive  Negative  Positive  Negative Positive  Negative  Positive  Negative

0.01 769 767 233 236 101 99 11 12 330.70 293.40 5.47 5.35
0.02 866 872 186 179 56 59 6 4 215.10 198.20 3.11 3.09
0.03 926 931 137 133 48 46 3 4 152.50 149.60 2.09 2.09
0.04 961 962 106 110 45 41 2 1 119.00 117.80 1.51 1.51
0.05 991 994 92 83 30 37 1 0 101.00 95.80 113 112
0.06 1015 1007 71 78 28 29 0 0 85.60 79.60 0.87 0.84
0.07 1026 1029 70 62 18 23 0 0 71.40 66.70 0.68 0.65
0.08 1038 1040 61 59 15 15 0 0 58.50 56.10 0.54 0.50
0.09 1046 1049 57 57 11 8 0 0 50.50 47.00 0.43 0.40
0.10 1054 1055 51 52 9 7 0 0 43.90 39.20 0.35 0.32
0.11 1058 1064 48 45 8 5 0 0 38.20 32.40 0.28 0.26
0.12 1061 1067 49 42 4 5 0 0 33.00 26.50 0.23 0.21
0.13 1069 1071 41 40 4 3 0 0 28.40 21.30 0.19 0.17
0.14 1073 1075 37 37 4 2 0 0 24.50 16.70 0.16 0.14
0.15 1082 1080 30 32 2 2 0 o] 21.50 14.80 0.13 0.12
0.16 1087 1083 25 30 2 1 0 0 19.00 13.20 0.11 0.09
0.17 1091 1090 21 23 2 1 0 0 17.00 11.80 0.09 0.08
0.18 1097 1092 15 21 2 1 0 0 15.20 10.40 0.07 0.06
0.19 1098 1097 15 17 1 0 0 0 13.80 9.20 0.06 0.05
0.20 1099 1098 14 16 1 0 0 0 12.40 8.00 0.05 0.04
0.21 1101 1101 12 13 1 0 0 0 11.20 7.00 0.05 0.04
0.22 1103 1104 10 10 1 0 0 0 10.10 6.00 0.04 0.03
0.23 1104 1104 10 10 0 0 0 0 9.10 5.20 0.03 0.03
0.24 1105 1107 9 7 0 0 0 0 8.10 4.60 0.03 0.02
0.25 1106 1108 8 6 0 0 0 0 7.30 4.00 0.02 0.02
0.26 1108 1108 6 6 0 0 0 0 6.50 3.50 0.02 0.02
0.27 1110 1108 4 6 0 0 0 0 5.80 3.10 0.02 0.01
0.28 1110 1110 4 4 0 0 0 0 5.10 2.70 0.01 0.01
0.29 1110 1111 4 3 0 0 0 0 4.50 2.30 0.01 0.01
0.30 1110 1111 4 3 0 0 0 0 4.00 2.00 0.01 0.01
0.31 1110 1111 4 3 0 0 0 0 3.60 1.70 0.01 0.01
0.32 1110 1111 4 3 0 0 0 0 3.60 1.70 0.01 0.01
0.33 1112 1112 2 2 0 0 0 0 2.70 1.20 0.01 0.00
0.34 1112 1112 2 2 0 0 0 0 2.40 1.10 0.01 0.00
0.35 1112 1113 2 1 0 0 0 0 2.00 1.00 0.01 0.00
0.36 1112 1113 2 1 0 0 0 0 1.70 1.00 0.00 0.00
0.37 1112 1114 2 0 0 0 0 0 1.40 0.90 0.00 0.00
0.38 1112 1114 2 0 0 0 0 0 1.20 0.90 0.00 0.00
0.39 1113 1114 1 0 0 0 0 0 1.00 0.90 0.00 0.00
0.40 1114 1114 0 0 0 0 0 0 0.90 0.80 0.00 0.00
0.41 1114 1114 0 0 0 0 0 0 0.80 0.80 0.00 0.00
0.42 1114 1114 0 0 0 0 0 0 0.80 0.70 0.00 0.00
0.43 1114 1114 0 0 0 0 0 0 0.70 0.70 0.00 0.00
0.44 1114 1114 0 0 0 0 0 0 0.60 0.70 0.00 0.00
0.45 1114 1114 0 0 0 0 0 0 0.60 0.60 0.00 0.00
0.46 1114 1114 0 0 0 0 0 0 0.60 0.60 0.00 0.00
0.47 1114 1114 0 0 0 0 0 0 0.50 0.60 0.00 0.00
0.48 1114 1114 0 0 0 0 0 0 0.50 0.50 0.00 0.00
0.49 1114 1114 0 0 0 0 0 0 0.40 0.50 0.00 0.00
0.50 1114 1114 0 0 0 0 0 0 0.40 0.50 0.00 0.00

Under these circumstances, the regression curve developed by Anderson et al. (2008) can
be transferred to the Swiss context as an estimation of the maximum expected

displacements in case of an earthquake. This requires, by all means, scenarios where the
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6.3. Development of the displacement estimation relationship

sliding-block assumption is compatible with the failure mechanism of the geotechnical
structure (e.g. slopes, dams, embankments, etc.).

In a final step, a displacement estimation chart can be developed, for situations when a fast
evaluation of the seismic-induced deformations is needed and basic information related to
the geotechnical structure (i.e. inclination and soil friction angle) is available.

This is a further development of the concepts presented by Leschinsky and San (1994)
relating the soil friction angle and the slope angle in a limit equilibrium state for a given
seismic coefficient. Two main assumptions were used: the first one is that the failure
mechanism can be represented by an infinite slope with a failure plane parallel to the slope;
the second one is related to the soil strength parameters, which can be included in an
equivalent maximum friction angle. This equivalent maximum friction angle accounts for all
additional stabilising factors such as cementation, dilatancy, suctions, etc. and eliminates the
eventual cohesion term from the description of the soil strength.

The groundwater table was assumed to be located at the base of the inclined geotechnical
structure in all the investigations performed. This is a realistic assumption for the typical
engineered slopes and embankments, but it introduces a degree of uncertainty in the results
obtained for natural slopes. A more detailed analysis of the conditions related to soil layers
and groundwater has to be performed, before proceeding with the actual investigations of the
seismic-induced displacements of a natural slope.

Displacement limit curves were developed using the relationship for the upper bound of the
displacements (6.3) under the assumptions presented above. The curves were obtained by
iteratively calculating, for a range of slope inclinations (1° - 35°), the friction angles that lead
to the target displacement limit. In other words, by replacing the desired values of the limit
displacement and the maximum acceleration ay.x in relationship (6.3), the critical
acceleration a.;; can be obtained. Using ag; and the given value of the slope inclination, the
corresponding friction angle can be calculated, under the assumption of an infinite slope with
a parallel failure plane. This slope inclination corresponds to the target displacement limit.
Diagrams of displacement limit curves were developed for all possible values of anax given by

combinations of seismic zones, ground classes, and importance classes, according to the
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Swiss code SIA 261 (2014). The displacement estimation chart for the seismic zone 3b, soil
class D and importance class I, coresponding to a maximum acceleration ay. = 0.216 g can

be seen in Figure 6.13.
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Figure 6.13. Displacement limit curves for seismic zone 3b, ground class D, importance class | (amax =
0.216 g) according to SIA 261 (2014).

If a combination of the slope inclination and sail friction angle leads to a point located on the
1 cm displacement limit curve, the expected seismic-induced deformations are 1 cm. All
points below this curve are characterised by higher deformations, and above the curve by
lower ones. Due to the logarithmic character of the regression curves behind this diagram,
the space between the different displacements limit curves is highly nonlinear and, therefore,
the displacements vary accordingly. All the points located above the black dashed line
represent structures with a global factor of safety FSy > 1.0, under the assumption of an
infinite slope with a parallel failure plane. For a global safety factor equal or lower than 1.0,
the displacements are expected to be large. In this, case no accurate estimation can be
made without further investigations and adjustments of the assumed maximum equivalent

angle of friction.
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As a practical example, a slope with an inclination angle of 30° consisting of a soil with a
friction angle of 33° can be identified on the diagram as a point between the 10 cm and the
100 cm displacement limit curves (Figure 6.13). The global factor of safety is, in this case,

FS, > 1.0 and the expected displacements are between 10 and 100 cm.

6.4. Discussion

The method proposed for the evaluation of the seismic-induced displacements is in
accordance with international practice. It facilitates displacement-based design and it also
meets the increasing demand for the verification of existing structures, roads, railways, and
other linear infrastructure.

A first element of the displacement-based method is the regression relationship (6.3) for the
estimation of the seismic-induced displacements. The variability of the seismic action, and of
the geotechnical structures, was taken into account by the large number of Newmark
analyses performed. The suggested relationship can also be used in situations when no
specific earthquake recordings are available, for the investigation of the seismic behaviour of
a geotechnical structure. The determination of the seismic-induced displacement can be
made in these cases using general parameters, such as a.i, amax, and PGV. These can be
either determined from limit equilibrium calculations or using the design codes.

The assumption of the peak ground velocity PGV [in/s] = 30 - an. / @, also analysed by
Anderson et al. (2008), allows the displacements to be determined using the suggested
relationship as a function of anax and aq; only. As the results showed, this formulation can be
adopted for relatively weak seismic events, which would be compatible with the values given
in the Swiss codes. However, the simplifying assumption proposed removes a significant
parameter from the problem: the dominant period of the seismic motion, equivalent to the
ratio PGV / amax. The importance of this parameter was already shown by Newmark (1965) in
his original formulation for the upper bound to the computed values of displacements.
Franklin and Chang (1977) and Yegian et al. (1991) also presented the importance of this
factor. Gazetas et al. (2009) showed that, for a given maximum acceleration and nature of

loading pulses, the sliding displacement is directly proportional to the squared dominant
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(“characteristic”) period of excitation. Under these circumstances, the suggested regression
relationship (6.3) with the simplifying assumption PGV = 30 - ay. / g has considerable
limitations in the determination of the seismic-induced displacements in areas with strong
seismicity (M > 6.5 for return periods of 475 years) or e.g. in situations of near-fault ground
shaking, influenced by forward-directivity or fling-step effects (Garini et al., 2010). A more
detailed analysis, considering the specific effects should be performed in these situations.
The displacement estimation charts are a second element of the suggested displacement-
based method. This graphical method of displacement evaluation, based on the regression
relationship, can be used for the fast estimation of the expected displacements. Moreover, it
can be also applied in the screening and prioritisation of large number of objects to be
analysed. The approximation of the seismic-induced displacements is made solely by means
of slope geometry and soil friction angle. The groundwater table was assumed to be at the
base of the slope and, therefore, the displacement-based method proposed should be used
with caution when partially saturated slopes are analysed. Detailed investigations have to be
performed in such cases, to quantify the influence of the soil layers and the water content on
the general stability and, hence, on the critical acceleration of the slope. The effect of pore
water pressure increase in the slope caused by the cyclic loading during seismic events was
disregarded in the current analysis, considering its complexity and the ongoing debates
related to the best method to approach this problem. Recommendations related to the
liquefaction potential of saturated soils in slopes (e.g. Youd et al., 2001; Idriss and
Boulanger, 2008), the residual shear strength of soils (e.g. Seed and Harder, 1990; Stark
and Mesri, 1992; Idriss and Boulanger, 2008) and the influence of groundwater on the slope
stability (e.g. Loaiciga, 2015) should be considered in such cases.

The results of the method proposed provide information related to the order of magnitude of
the displacements, since the underlying assumptions have a strong simplifying character.
The purpose of fast evaluation, prioritisation, and screening is, however, perfectly served for
a wide range of structures. In particular, structures with FSy < 1.00 have to undergo a more

detailed analysis in any case.
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Furthermore, the two elements presented above can also be used in the process of
displacement- or performance-based design of new structures. The displacement charts can
be used to determine the required slope angle for a given order of magnitude of the allowed
deformations. They can also help in defining design measures for increasing the maximum
mobilised shear strength. The regression curve can provide information about the required
global factor of safety by means of a.;, given that the design seismic action anay is known.
The stabilising factors mentioned in the beginning of the article (i.e. effective angle of internal
friction, cementation and suctions, and effects of vegetation roots or anchors) can be taken
into account by means of an increased mobilised friction angle. This influences the value of
the critical acceleration, which is one of the key parameters in the displacement-based
procedure. A correctly determined critical acceleration, considering the influence and
mechanical compatibility of the stabilizing factors, leads to reliable estimations of the
expected displacements. Therefore, the procedure accounts for the effect of the additional
stabilising factors, as long as the input parameter a.; incorporates their influence in a
suitable way.

The most important step in the displacement-based approach is the verification of the
compatibility of the estimated displacements with the mechanics of soil behaviour. For
example, if the presence of suctions in a slope is expected and accounted for in the
displacement-based analysis by means of an increased maximum mobilized friction angle,
the compatibility of the displacements obtained must be checked with the strain range where
the soil behaviour is dilatant and the effect of suctions is available. The same concept is valid
for any other stabilising factors such as cementation, dilatancy, or vegetation roots.

Finally, the question arises of whether the proposed displacement-based procedure is
superior to the limit equilibrium approach. This question can be answered using the case
study of an existing river dam, with a slope inclination of 32°, consisting of a silty sand with a
characteristic value of the friction angle of 31° (Mayor, 2013; Marin, 2014).

The static factor of safety of the dam according to the SIA 267 (2013) is FS = 1.03, taking
into account the corresponding partial safety factors. The extraordinary seismic action is

represented by the maximum horizontal acceleration am.x = 0.259 g, as defined by SIA 261
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(2014) for the seismic zone 3b, soil class D, and importance class Il. The dynamic factor of
safety drops to FSq,, = 0.8, when considering this action. Under these conditions, the results
of the limit equilibrium calculations indicate the river dam would fail under the seismic action,
and would need to be replaced or retrofitted. The main issue of the limit equilibrium approach
is the hidden conservatism of the characteristic value of the friction angle. Firstly, this is a
critical state value, which already incorporates a safety margin. Moreover, the dam is an old
compacted structure with relative density values of 70 — 90 %. However, SIA 267 (2013)
requires a reduction of the already conservative value of the friction angle, which leads to a
low factor of safety.

On the other hand, using the suggested displacement-based procedure, the critical
acceleration of the dam can be determined as a; = 0.09 g and the ratio aci; / amax = 0.34.
The expected displacements in the case of an earthquake are in the range of 7 cm according
to equation (6.3). These displacements pose no threat to the structure as a flood protection
measure, and the dam can be considered as safe with no additional remedial actions
required. This simple example shows the clear advantage of the displacement-based
procedure over the classic limit equilibrium approach, which was unable to give any

information about the seismic behaviour of the dam, besides a sub-unitary factor of safety.

6.5. Conclusions

The increasing demand for displacement-based seismic design and verification of slopes,
dams, and embankments was met by means of displacement estimation tools. These are
based on Newmark's method (1965) and are supported by similar studies performed
internationally.

The 84 % fractile curve presented by Anderson et al. (2008) can be used as an upper bound
of the displacements for moderate Swiss seismicity. Conservative estimations of the
expected deformations can be made for geotechnical structures ranging from steep natural
slopes with low values of a.;; to regular engineered inclined geotechnical structures. No large

deformations are expected in the context of moderate Swiss seismicity for stable structures
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with a global factor of safety FS, > 1.1. These estimations are compliant with the
assumptions related to the failure mechanism and soil behaviour.

Deformation charts were also developed based on the regression suggested, under the
assumption of a drained infinite slope (i.e low groundwater table located well below the
slope), and an equivalent angle of friction, which includes all stabilising factors such as
cementation, dilatancy, suction etc. These charts can be used as a fast method for

approximating the order of magnitude of seismic-induced displacements.
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7. Summarising Conclusions

7. Summarising Conclusions

The scope of the current research was to investigate the dynamic non-linear soil behaviour
and its special aspects in alpine areas and to use the results obtained in mitigating the
impact of earthquakes in such regions. The main achievements relate to some elements of
the four main challenges of geotechnical earthquake engineering stated in the introductory

part of the thesis:

Identification and quantification of dynamic non-linear soil behaviour and its main
influencing factors.

¢ |dentification and calibration of numerical models for seismic analyses.

¢ Field investigations adapted to capture the specific seismic effects in alpine areas.

¢ Development of standardised evaluation methodologies for the seismic behaviour of

inclined geotechnical structures.

The first three challenges were approached by analysing the dynamic non-linear soll
behaviour using laboratory, numerical, and field investigations. The outcome of the
investigations was rounded off by the element of outreach to the world of practice, as an
answer to the last challenge in the list. This element is a displacement-based method of
evaluation of the seismic behaviour of slopes, dams, and embankments in alpine areas
under conditions of moderate seismicity. Figure 7.1 summarises the main achievements of
the research in relation to the initial goals. Subsequently, the conclusions of the field,
laboratory, and numerical investigations are presented in a more detailed manner, with

emphasis on their practical significance.
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> Dilatant behaviour at large strains (g4 = 25 %)
» More brittle static behaviour (the residual
friction angle was reached at g, = 13.8 %,
compared to g, = 16 % in the static case)

Dynamic non-linear soil behaviour in alpine areas

increase  during  cyclic
loading e Parameters calibrated for the prediction of
pore pressure development after Egglezos &
Bouckovalas (1999)
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parameters for dynamic parameters
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& solution  for  non-linear prone to non-linear response; linear elastic
o analyses of large ground perfectly plastic modelling (e.g. MC) for the deep
T models soil layers.
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2 aipine vaileys » Stiffer soil response, compared to 1D results
» Non-vertical wave propagation generating
Rayleigh waves
> Body wave reflections in the valley, amplifying
and extending the ground motion locally
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Figure 7.1. Main goals and achievements of the field, laboratory, and numerical investigations of dynamic
non-linear soil behaviour and practical outreach of the research.
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7.1. Field Investigations

The main goals of the field investigations were the quantification of the seismic site effects
related to the wave propagation in alpine areas, the measurement of pore-pressure
development during earthquakes in soils deposited in alpine valleys, and the identification of
threshold values for non-linear soil behaviour.

A novel long-term monitoring system was installed in the area of Visp and one weak seismic
event (M = 3.1) was recorded on October 14", 2015. The data showed a clear correlation
between the variation of the pore pressures and the time history of the vertical accelerations
measured at the monitoring site. The highest pore pressure increase was measured by the
piezometers installed in the silty soil, and the lowest in the gravelly layer. These
measurements confirmed the liquefaction susceptibility of the local silty-sandy soils, which
was observed historically (Fritsche et al., 2006) and also investigated more recently in the
area of Visp by Résonance (2010). They also indicated the possibility of calibrating non-
linear soil models using data recorded during weak seismic events. This is an essential
element for areas of moderate seismicity, such as Switzerland, where strong ground motions
occur rarely but non-linear soil behaviour cannot be excluded due to local topographic
conditions (e.g. deep alpine valleys filled with sediments).

The practical aspects of the measurements are related to numerical applications, such as
calibration and validation of soil models that can be used for the prediction of the local
ground motion. Moreover, the measurements made with the piezometers under static regime
contribute to a better understanding of the response of local aquifers and they can be used to

guantify the flow due to seasonal variations of the groundwater table.

7.2. Laboratory investigations

The laboratory investigations focused on the dynamic behaviour of alpine silty sand from
Visp, the same area where the monitoring system was installed. The effect of cyclic pre-
loading on the subsequent static and dynamic soil behaviour, and the pore pressure increase

due to cyclic loading, were thoroughly investigated using simple (i.e. cyclic axial

157



7. Summarising Conclusions

compression) and advanced stress paths (e.g. successive cyclic axial compression stages
that would represent consecutive seismic events).

The main outcome of the laboratory tests is an extensive set of static and dynamic soil
parameters of the alpine silty sand from Visp. In particular, the results revealed some
important aspects related to the post-cyclic soil behaviour, which influence the choice of
parameters in subsequent numerical investigations.

A marginal reduction of the post-cyclic maximum friction angle (e.g. from approx. 43° to 42°
for a soil sample with Dp = 79 %) was observed during soil testing. Different values of the
maximum friction angle are expected for soil samples with other relative densities (Bolton,
1986). However, the marginal reduction observed supports the assumption of unaltered
maximum friction angle for the alpine silty sand from Visp in case of consecutive seismic
events, which is a positive effect of the soil response.

Another positive effect observed is the post-cyclic dilatant behaviour of the investigated soil
samples (relative densities Dp = 55 - 76 %) at large strains (i.e. g, = 25 %). This reveals the
contribution of suctions to the increased shear resistance of the alpine silty sand, assuming
that no other subsequent cyclic loading occurs. Therefore, the stabilising effect of suctions is
available in natural slopes consisting of similar soils even in situations when large
displacements occur. These results also explain the numerous cases of partially eroded
dams in the Rhone valley that are still stable (Mayor, 2013).

A less positive effect of the cyclic preloading is the more brittle post-cyclic static soil
response, indicated by the lower axial strains at which the residual value of the friction angle
was reached (i.e. e, = 13.8 %, compared to ¢, = 16 % in the case of no cyclic preloading).
This effect indicates e.g. the risk of progressive slope failures in case of earthquake
aftershocks, which induce strains in the soil causing the mobilised friction angle to plunge
earlier to its residual value (i.e. constant volume value).

Another aspect of the laboratory testing was the calibration of a set of parameters to fit the
relationships presented by Egglezos and Bouckovalas (1998; 1999) with the pore pressure

measurements performed on samples subjected to cyclic axial compression loading. The
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relationships and parameters calibrated are useful in problems related to soil liquefaction or
slope stability of partially saturated slopes. They can be used in displacement-based
investigations based on Newmark’s method with variable critical acceleration that depends
on the pore pressure increase during the seismic event (e.g. Biondi et al., 2000).
Unfortunately, no validation of these relationships could be performed using field
measurements, since no major seismic event was recorded so far with the monitoring system
presented in Chapter 5. However, this represents an important further step to be made as

soon as relevant measurements are available.

7.3. Numerical investigations

The numerical analyses performed were based on the outcome of the laboratory
investigations, which allowed the determination of parameters for both simple (e.g. linear
elastic perfectly plastic Mohr-Coulomb, MC) and more advanced constitutive models (e.g.
Hardening-soil small strain, HSs). The results obtained are related to the wave propagation
in alpine areas and to basic soil-structure interaction effects.

A new calibration method was developed for the Rayleigh parameters (Rayleigh & Lindsay,
1945) often used in the damping formulation for seismic analyses in the time domain. These
parameters are determined iteratively at the convergence between two parallel analyses in
the frequency and time domain, in which the seismic-induced strains in the soil are in the
elastic range. This method finds its practical application during determination of the soall
parameters for any kind of seismic analysis using the Rayleigh parameters to model soil
damping.

Another practical contribution to the advance of numerical modelling was the derivation of an
optimised solution for large ground models (e.g. entire alpine valleys including the bedrock
profile) used in non-linear seismic analyses. The increased calculation times and costs,
usually associated with such analyses (Roten et al., 2009) were optimised by deriving a
hybrid ground model, including both linear and non-linear constitutive models. Particularly,
the solution was developed for a section of the Rhone valley in the area of Visp, which was

modelled using a non-linear constitutive model (e.g. HSs) for the first 22 m of soil below the
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surface, and a linear elastic perfectly plastic one (e.g. MC) for the rest of the soil layers. The
concept of a hybrid ground model can be extended to any other situation by identifying the
depth of the soil layers expected to experience non-linear behaviour (e.g. 22 m in the
particular case presented). This optimisation allowed the seismic analysis to be performed on
a regular PC using widely available software (i.e. PLAXIS 2D - Brinkgreve et al., 2014).

The outcome of the numerical investigations of the kinematic soil-structure interaction
indicated clear evidence of such effects, despite simplifying assumptions related to soil
behaviour (i.e. linear elastic perfectly plastic constitutive model) and boundary conditions (i.e.
absorbent lateral boundaries and rigid base). This recommends the use of appropriate
elements to account for the soil-structure interaction (e.g. interface elements between
structures and sail) even in the case of simplistic approaches to seismic analyses in alpine
areas and elsewhere. The results confirmed that these effects cannot be neglected in any
seismic analysis and showed a possible accessible approach to this complex problem.

The investigations related to the identification and quantification of 2D effects of wave
propagation incorporated the calibration method for the Rayleigh parameters and the hybrid
model solution presented above. The results of the analyses showed that 1D analyses of site
response in the time or frequency domain, with linear or non-linear soil models, are not able
to represent the entire soil response in an alpine valley. Considering this, the future seismic
analyses in such areas with rough topography should take into account the 2D conditions
that cause an increase of the local ground motion. Existing microzonation spectra obtained
under 1D conditions should be used with caution, as they do not take into account the effects
observed in the numerical analyses performed under 2D conditions (e.g. lower resonance
periods, surface waves generated by non-vertical incident waves, increased duration and
amplitude of the ground motion in the valley centre due to body wave reflections).

The selection of input signals for any kind of seismic analyses should be based on a clear
understanding of the seismic hazard. The signals selected for the analyses described in
Chapters 3 and 4 are rather at the upper boundary of the deaggregation of the seismic
hazard for the Visp area and they introduce a high level of conservatism in the final results.

Therefore, it is recommended that input signals for seismic analyses should be selected by
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ensuring the compatibility with the hazard deaggreagation and the uniform hazard spectra for
the investigated location.

The most important element of numerical investigations is the verification of the consistency
of results. Factors related to FE calculations such as integration time step, mesh size,
boundary conditions, interface elements, etc. have a significant effect on the consistency of
the final results, in addition to assumptions of soil behaviour and seismic input. The possible
influence of such factors should be clearly identified before proceeding to the interpretation of
the results. The consistency of the results can be verified by comparing them with first-order
approximations obtained using e.g. linear-equivalent or simple elastic analyses, for which soail
properties are readily available. Such analyses (e.g. 1D SHAKE-type of analyses) have been
used for many years for the approximation of the soil response and they still dominate
practice since their reliability (within certain boundary conditions) was proven in time. Simple
comparisons of the numerical results with analytical solutions can also be an effective
method to validate the outcome of the investigations performed. The final results of the
numerical investigations must include basic information related to FE calculations, soil

models, and seismic input, required to assess their consistency and validity.

7.4. Practical outreach

The practical outreach of the investigations performed on the dynamic non-linear soil
behaviour in alpine areas is represented by the displacement-based method for the seismic
analysis of slopes, dams, and embankments. Such geotechnical structures are very
numerous in alpine regions and this method can be used in the mitigation of the impact of
earthquakes, both in design and verification processes.

The method developed provides a regression relationship for the estimation of seismic-
induced displacements based on basic parameters such as the critical acceleration of the
geotechnical structure (a), the maximum local horizontal acceleration (amax), and the local
peak ground velocity (PGV). Simplifying assumptions were adopted for the determination of
these parameters and they can be used for relatively weak seismic events, which would be

compatible with typical Swiss seismicity.
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Another element of the method developed is represented by the displacement estimation
charts. These charts were derived based on the regression relationship mentioned above,
considering a slope-parallel failure mechanism and a groundwater table located below the
slope. The only input parameters are the slope geometry and mobilised soil friction angle and
the results obtained can be used when a fast estimation of the order of magnitude of the
expected seismic-induced displacements is required (e.g. when large numbers of structures
need to be screened and prioritised for analysis).

The structures expected to experience pore pressure increase during seismic events require
special investigations. In such cases, modified Newmark analyses with variable critical
acceleration due to pore pressure increase (e.g. Biondi et al., 2000) can be used in
conjunction with the parameters calibrated in laboratory for analytical relationships presented
by Egglezos and Bouckovalas (1998; 1999).

The key element of the displacement-based method for the seismic analysis of slopes, dams,
and embankments is the verification of the mechanical compatibility between the
displacements and the stabilising factors incorporated in the mobilised soil friction angle (e.g.
suctions, dilatancy, cementation, vegetation, etc.). The soil behaviour observed in the
laboratory can be used to perform this verification. For example, the laboratory investigations
of the alpine silty sand from Visp showed a marginal reduction of the post-cyclic maximum
friction angle and a large-strain compatibility of suctions. Considering this, the displacements
predicted using the method proposed are reliable, under the assumption that the maximum

mobilised friction angle incorporates only the effect of suctions.

162



8. Outlook

8. Outlook

The outcome of the current research showed the importance of taking the non-linear soil
behaviour into account in the earthquake mitigation in the alpine areas. This cannot be
excluded since it was observed in the past and confirmed by the results of the analyses
performed. Further research is required in the field, laboratory, and numerical investigations
to be able to incorporate the effects of non-linear soil behaviour in the earthquake mitigation

measures in a more effective way.

8.1. Field investigations

Future recordings of seismic events should be used to identify thresholds for non-linear soil
behaviour that are very important, especially in areas with moderate seismicity where non-
linear soil behaviour cannot be excluded because of the local conditions. They can be used
to optimise seismic analyses, e.g. by defining ranges of application for non-linear
investigations. The thresholds can be determined by investigating different factors such as:
local maximum acceleration and peak ground velocity, energy content (e.g. arias intensity),
or duration of the ground motion, in the context of local amplification and pore pressure

development.

8.2. Laboratory investigations

The laboratory investigations should be extended from the specific case of the silty sand in
Visp to silty soils from other locations. The aspects of non-linear soil behaviour and the
influencing factors discussed in this work should be the common ground for comparison with
the results of investigations on other alluvial deposits found in alpine valleys. Such studies
will extend the validity and applicability of the results to a wider range of soils.

The parameters calibrated in the laboratory and the relationships proposed to predict the
pore pressure increase should be validated using field measurements obtained from the
monitoring site in Visp. A better evaluation of future laboratory investigations and their ability
to simulate the conditions in the field will be possible, by quantifying the differences between

laboratory and field measurements. Correction and correlation factors can be determined for
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the more efficient use of laboratory results. This will be possible as soon as stronger seismic

events will be recorded by the instruments.

8.3.  Numerical investigations

The numerical investigations should be generalised by extending them to other valley cross-
sections. Additionally, more advanced soil models should be used to represent special
aspects of soil behaviour such as strain softening, densification due to permanent volumetric
strain, cyclic mobility, liquefaction, etc.

The validation and calibration of the numerical investigations performed should be carried out
using future field measurements of wave propagation. In this way, the conservatism of the
microzonation spectra available (e.g. Résonance et al.,, 2005) can be analysed and more
accurate spectra can be developed, by incorporating the 2D effects.

A further step should be made by investigating under what conditions simple 1D
investigations of soil response are sufficient and can replace 2D analyses. Criteria related to
the geometry of the valley, as proposed e.g. by Bard & Bouchon (1985), should be

reconsidered in the context of local Swiss seismicity.

8.4. Displacement-based method for the evaluation of the seismic behaviour of
slopes, dams, and embankments

The displacement-based method proposed should be refined by including the influence of
the predominant period of the earthquake in the formulation of the seismic displacements.
This can be made by a more accurate evaluation of the peak ground velocity, using
recordings from the strong-motion network in Switzerland.

A further refining step can also be made by advanced physical modelling. The displacements
provided by the analytical method should be compared with seismic simulations with
standard prototype models in the geotechnical centrifuge. Parallel numerical simulations can
provide more detailed information related to the stress states and failure mechanisms of such

structures.
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10.Appendix I. Evaluation of the Seismic Behaviour of a Natural Steep Slope

10.1. Introduction

The analysis of slope stability and seismic behaviour represents the main concept in the
design of new geotechnical structures as well as in the evaluation of existing structures.
Currently this problem is approached by means different methods, which can be divided into
two main groups, having as fundamental requirement the realistic assumption of the failure
mechanism. The first group are the pseudo-static methods (Terzaghi, 1950; Seed & Martin,
1966; Seed, 1979; Marcuson, 1981; Dakoulas & Gazetas, 1986), which approximate the
seismic action using a pseudo-static horizontal inertial force acting on the failure mechanism.
The second group are the displacement-based methods (Sarma, 1975; Franklin & Chang,
1977; Makdisi & Seed 1978; Ambraseys & Menu, 1988), which evaluate the expected
deformations of slopes using Newmark’s (1965) sliding-block theory.

The main challenges appear in the case when the widely used pseudo-static methods have
to be applied to evaluate the seismic stability and behaviour of steep geotechnical structures
(e.g. old railway dams which are still in service) and natural slopes. In these situations the
equivalent force methods tend to render the analysed structures unstable without offering
more information about the deformation behaviour and the serviceability after a seismic
event.

In this context, an evaluation procedure using displacement-based concepts (Marin & Laue,
2016) was developed to investigate situations of steep geotechnical structures (e.g. old
railway dams which are still in service, natural slopes, etc.). This procedure offers the
possibility of evaluating the seismic behaviour by comparing the expected seismic
deformations with pre-defined allowable deformations. In this way, more accurate information
about the behaviour of the geotechnical structures beyond the equilibrium point can be made

available and used for design purposes as well as for risk evaluation and mitigation plans.

10.2. Description of the situation
The analysed hypothetical slope is located in the seismic zone Z3b of Switzerland (SIA 261,

2014), characterised by a design value of the ground acceleration agy = 1.6 m/s® for a return
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period of 475 years. A local road (7 m wide) is located at the top of the slope, which has to
be accessible in case of an earthquake at least on one lane. In order to fulfil this requirement,
a maximum differential settlement of dn.x = 30 cm can be allowed. During intensive rain the
slope creeps and experiences displacements.

The slope geology is uniform and consists of naturally deposited scree material with a friction
angle ¢'c, = 37° and a unit weight y = 18 kN/m°. The slope surface as well as the underlying
rock and are inclined with the same angle o = 36.8°, which is close to the internal friction
angle of the slope soil. The rock is considered to be a partially weathered molasse with a
shear wave velocity of v = 800 m/s. A schematic representation of the considered situation is

shown in Figure 10.1.

10 20 20 20

o

™ .
Scree material
Qoy = 37°
y = 18 kN/m*®

o

—

Molasse, vs = 800 m/s

Figure 10.1. Schematic representation of the analysed slope.

10.3. General assessment of the slope stability under static conditions

The first step of the procedure is the general assessment of the slope stability. The
comparison of the solil friction angle ¢'c, = 37° with the slope inclination o = 36.8° indicates
the unstable state of the geotechnical structure. Eventual safety calculations under these
boundary conditions are not relevant because the failure mechanisms will develop only at
surface. On the other hand, there are also other factors which contribute to the slope

stability, considering the obvious fact that the slope is stable under its own weight. These
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10.3. General assessment of the slope stability under static conditions

additional factors such as particle interlocking (dilatancy), suctions or vegetation can be
accounted for using an increased mobilized friction angle. A global factor of safety FSy= 1.05
can be assumed to determine the mobilized friction angle, due to the fact that the slope
creeps during events such as heavy rain. For steep slopes which are visibly stable FSy = 1.1
can be assumed. The back-calculation of the mobilized friction angle can be conducted

under the assumption of an infinite slope:

_ tan (¢‘cv,m0b) _ \ _ ° 10.1
FS, _W_l.os—w o = arctan(1.05- tan(a)) ~ 39 (10.1)

For the given slope inclination o = 36.8°, the mobilized friction angle corresponding to a
global safety factor FSy= 1.05 is ¢'mep =~ 39°. The action of additional stabilising factors can
often be guaranteed only in the surface layers and therefore the increased value of the
friction angle was used in the calculations only for the first meter of scree material. The

critical failure mechanism affects 2 m of the width of the road and the associated global

factor of safety is FSy = 1.07 (Figure 10.2).

Scree-material

/ % (surface)

= Qevk = 39°, 7= 18 kN/m®

FS, = 1.07

Scree material
Pevk = 370,
y =18 kN/m2

Molasse,vs = 800 m/s

Figure 10.2. Critical failure mechanism and the corresponding global factor of safety of the analysed
slope - GeoStudio (Krahn, 2012).

The plausibility of the identified critical failure mechanism can be verified with a FE analysis
(Figure 10.3) by determining the global factor of safety using the phi-c reduction method
(Brinkgreve et al., 2012). The FE analysis was stable only under the condition of an

increased friction angle ¢'nop = 39° in the entire soil mass in the slope. The convergence
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criterion of the phi-c reduction method is represented by the failure of the soil mass, marked
by the development of large displacements for small reductions of the strength parameters.
The safety determinations using this method are therefore questionable and the results
should be critically interpreted, considering the initially unstable state of the slope.
Nevertheless, the developed failure mechanism is almost identical with the one previously
identified and the value of the global factor of safety FSy= 1.01 is in the same range with the
value determined by the classical method of slices. These results confirm the employed

assumptions as well as the concept of an increased mobilized friction angle.
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Figure 10.3. Failure mechanism and global factor of safety determined by the phi-c reduction method in
PLAXIS 2012 (Brinkgreve et al., 2012).

The first step of general assessment of the static slope stability is summarized in Table 10.1

Table 10.1. Summary of the general assessment of the slope stability under static conditions.

Method of assessment FSq Observations

Method of slices (GeoStudio 2012) 1.07 Increased ¢’'mop = 39° in the surface layer (1m)

Finite-element method 1.01 Increased ¢’'mop = 39° in the entire slope

10.4. Evaluation of the seismic global factor of safety
The evaluation of the seismic global factor of safety using the seismic action from the design

code SIA 261 (2014) is the second step of the procedure. The slope soil corresponds to the
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ground class BGK C, which has an amplification factor S = 1.15. Considering the
infrastructure function of the road at the top of the slope, an importance factor y;= 1.2 can be

assumed for the determination of the maximal horizontal ground acceleration at the slope

site:
Qnax =8gq¥; -S5=0.169-1.2-1.15=0.220g = 2.20m/s? (10.2)
where an,x — maximum horizontal ground acceleration at the slope site [g]

% — importance factor of the construction work class [-]

S — amplification factor of the ground class [-].

The seismic global factor of safety of the investigated slope according to SIA 267 (2013) is
FSq = 0.85 (Figure 10.3). Although this value is below 1.0, it doesn’t necessarily imply the
failure of the slope (Gazetas et al., 2014) but rather the development of seismic-induced

displacements.

& Scree-material

5 / ‘\3) (surface)
< Povk = 39°, y = 18 kN/m®
\

FS, = 0.85

Scree material
(Pcv,k = 37°v
y = 18 kN/m>

Seismic action: 2.20m/s?

Molasse,vs = 800 m/s

Figure 10.3. Critical failure mechanism and the corresponding global factor of safety under seismic action
- GeoStudio (Krahn, 2012).

10.5. Evaluation of the seismic displacements
A further step in the evaluation of the seismic behaviour was made using the graphical tool
for displacement estimation presented in Chapter 6. The input parameters are the slope

inclination o = 36.8° and the soil friction angle ¢'me, = 39°. For the maximal horizontal
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acceleration an.= 2.20 m/s® the expected earthquake induced displacement is between 10 —
100 cm (Figure 10.4).

Zone 3b, BGK D, BWK | (a5 = 2.20m/s?)
Displacement limit curves

20 /? g

7/
10 74/;

0 10 20 30 40 50
Slope angle [°]

Material friction angle [°]

---FS=1
—=—1cm Displacement limit curve
——5cm Displacement limit curve

—e—10cm Displacement limit curve

——100cm Displacement limit curve

Figure 10.4. Graphical displacement estimation for the investigated slope.

As the maximum allowed displacement is 30cm and the variation of deformations with the
different positions in Figure 4 is not linear, a more accurate approach on the expected
deformations of the slope in case of an earthquake is required.

A more accurate evaluation of the seismic displacement of the slope can be made in the next
step using the regression relationship suggested in Chapter 6 as an upper bound of the

earthquake induced displacements.

[-1.51-0.74|og[M]+3.27 |og(1-M]-o.so|og[am—axj+1.59|og(PGv)]

d=2-2.54.10 (10.3)

The critical acceleration of the slope, namely the acceleration at which irreversible
deformations start to occur, corresponds to a global seismic factor of safety FS,= 1.0 and is
agit = 0.3 m/s?. Using this value and the assumption that PGV = 30 - an./ 0, the expected

seismic displacement of the slope can be determined: d = 28.65 cm. As in the previous case

the accuracy of this result is dependent on the compatibility of the failure mechanism with the
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sliding-block assumption introduced by Newmark (1965). If no additional partial safety factors
are considered, the seismic displacements d = 28.65 cm are smaller than the maximum
allowed deformations of dn.x = 30 cm. However, a separate dynamic FE analysis will be

conducted to verify the plausibility of the performed calculations.

10.6. Detailed numerical analysis of the seismic behaviour of the slope

The last step in the procedure of evaluation of the seismic behaviour is a dynamic FE-
analysis using e.g. the software package PLAXIS 2D (Brinkgreve et al., 2012). The results of
this analysis offer a more accurate overview of the seismic deformations and their distribution
in the slope, which is a very important factor in the behaviour and risk evaluation.

10.6.1. Numerical FE model

The numerical model of the slope corresponds to the geometry and geology presented in the
previous section. The generated FE mesh and the boundary conditions can be seen in
Figure 10.5. An average element size of 1.05 m provides compliance with the accuracy
criterion for finite element analyses introduced by Kuhlemeyer & Lysmer (1973). The
boundary conditions at the sides of the model are free-field elements and at the bottom, a
compliant base was introduced (Brinkgreve et al., 2012). The seismic action was applied as
a prescribed displacement at the compliant base of the model.
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Figure 10.5. Generated FE mesh and applied boundary conditions.
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10.6.2. Constitutive models

The constitutive model used in the analysis was Hardening Soil-Small Strain (HS-Small)
(Brinkgreve et al., 2012). This model takes into account the small strain stiffness available in
the range of very low strains and the stiffness decay with the increase of the shear strain.
The increase of the stiffness with the effective stresses is also implicitly modelled without any
additional input. A frequency dependent material damping of 5 % was introduced in the
system using Rayleigh parameters (Rayleigh & Lindsay, 1945), in addition to the hysteretic
damping modelled by HS-Small.

The rock mass was modelled using a linear elastic constitutive model, considering the fact
that its stiffness is relatively high (vs = 800 m/s). Rayleigh parameters corresponding to a
damping of 0.5 % were introduced for this soil as well, because the linear elastic model does
not account for any kind of damping.

A summary of the soil parameters can be found in Tables 10.4 and 10.5.

Table 10.4. Soil parameters for the scree material.

Unsaturated unit weight nsat 18 kN/m?®
Saturated unit weight j. 18 kN/m?®

Power coefficient for the stress level dependency of the stiffnressm 0.5

Secant stiffness in the standard drained triaxial test Esy®' 50 MPa
Tangent stiffness for primary oedometer loading Eqeq™ 50 MPa
Unloading / reloading stiffness E,," 226 MPa
Poisson’s ratio for unloading/reloading vy, 0.2
Reference shear modulus at very small strains G, 94.21 MPa
Shear strain for a 30% reduction of the shear modulus 7 0.007
Cohesion ¢™ 1 kN/m?
Effective friction angle ¢ 39°
Dilatancy y 0°
Rayleigh coefficient ag 0.8957
Rayleigh coefficient g 2.091-10°
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Table 10.5. Material parameters for the rock (molasse)

Unsaturated unit weight ynsa 23 kN/m?®
Saturated unit weight y 23 kN/m?®
Axial stiffness E 3.605 GPa
Shear stiffness G 1.502 GPa
Poisson’s ratio v 0.2

Shear wave velocity vg 800 m/s
Rayleigh-Beiwert ar 2.945
Rayleigh-Beiwert B 6.366-10°

10.6.3. Seismic action

A set of seven different earthquake signals (BGK_C_1 through BGK_C_7) was prepared to
meet the code specifications related to the earthquake hazard (SIA 261, 2014). Thus, in a
first step, a frequency modulation was performed to match the response spectrum of each
earthquake signal with the elastic spectrum of soil class BGK C, according to SIA 261 (2014)
Subsequently the amplitude of each earthquake signal was reduced to 50 %. After this
processing stage, the obtained earthquake signals were applied at the compliant base of the
model, generating seven sets of results. These results were at the end summarized and the
average values were analysed.

10.6.4. Verification of the modelled seismic action

The output of the seven different FE analyses was verified and its plausibility was checked
before proceeding to the interpretation and comparison of the results. For this purpose
different points were defined across the model and the average output response spectra in
these points were compared with 90 % of the corresponding elastic response spectrum

according to SIA 261 (2014). The location of the control points can be seen in Figure 10.6.
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Figure 10.6. Control points for the verification of the results of the analysis.

The seismic signal at the bottom of the slope (BS) is the first to be compared with the
corresponding elastic response spectrum according to SIA 261 (2014). The reference
response spectrum for this point located on the rock outcrop, is the one for the ground class
A (rock), seismic zone Z3b and importance class BGK Il. The very good match between the
two spectra can be observed in Figure 10.7. The modelled seismic action at the bottom of

the slope tends to be conservative for the longer periods T > 0.4 s.
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Figure 10.7. Average response spectrum at the bottom of the slope (BS) and 90% of the elastic response
spectrum for seismic zone Z3b, BGK A, BWK Il according to SIA 261 (2014).

The following point to be analysed is in the centre of gravity of the slope (CG). The reference

spectrum will be the one for the ground class C, taking into account the geological conditions
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in the slope mass. A very good agreement between the modelled seismic action and the one
defined by the design code can be observed for this point for almost the entire range of

periods (Figure 10.8).
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Figure 10.8. Average response spectrum in the centre of gravity of the slope (CG) and 90% of the elastic
response spectrum for seismic zone Z3b, BGK A, BWK Il according to SIA 261 (2014).

A further control point is at the surface, in the middle of the slope (MS). The modelled
accelerations in this point are significantly higher than the reference spectrum for periods T <
0.2 s (Figure 10.9). The same effect can be observed for the top of the slope (TS) where the
modelled accelerations exceed the reference spectrum up to a period of 0.7 s (Figure 10.10).
These effects are not surprising and they can be explained by a combination of topographic
effects (e.g. Aki, 1988; Pedersen et al., 1994) confirming the plausibility of the numerical

model and its underlying assumptions.
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Figure 10.9. Average response spectrum in the middle of the slope (MS) and 90% of the elastic response
spectrum for seismic zone Z3b, BGK A, BWK Il according to SIA 261 (2014).
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Figure 10.10. Average response spectrum on the top of the slope (TS) and 90% of the elastic response
spectrum for seismic zone Z3b, BGK A, BWK Il according to SIA 261 (2014).

The results of the numerical simulations can be considered plausible, as the modelled
spectral accelerations at the bottom of the slope (BS) and in the centre of gravity (CG) fit the
corresponding reference spectra according to SIA 261 (2014). The modelled displacements
can be compared with the results of the analytical approaches presented in the previous
section, based on the compliance of the modelled seismic actions with the code
specifications.

10.6.5. Results of the numerical simulations

The interpretation of the results from the numerical investigations will be made based on the
average displacements obtained with the seven input signals. However, the specific
diagrams such as shear strain and displacement distributions are illustrated only for the input

signal BGK_C_1 (Figure 10.11).
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Figure 10.11. Input signal BGK_C_1 used for the seismic analysis.
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The shear strains developed in the slope due to the seismic action are concentrated along
the critical failure surface identified in the previous sections (Figure 3). A plot of the residual
strains for the input signal BGK_C_1 can be seen in Figure 10.12. The strains developed in

the range of 12% and they point to the unstable state of the slope.

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 r10?)
ETI RN FRE R TRV SRS FERTE FEERE ARVAE SUA A s b b bocn b b b b 130.00
1 120.00
40.00
110.00

100.00
3000
| 90.00

80.00

1 70.00
20.00 -

60.00

50.00

10.00 - 40.00

Y 30.00

0.00
| X

Total deviatoric strain yg

20.00

10.00

0.00

Maximum value = 0.1228 (Element 2362 at Node 12077)
Minimum value = 0.05245*10° (Element 226 at Node 15680)

Figure 10.12. Residual shear strains for the input signal BGK_C_1.

The plot of the total displacements and their distribution at the top of the slope are a good
indicator of the seismic behaviour of the investigated geotechnical structure. Figure 10.13
shows the total displacements (the vector sum of the horizontal and vertical displacements)
in the slope. The modelled deformations at the base of the slope are negligible and they
pose no threat to other infrastructure objects located in that area.

The distribution of the deformations at the top of the slope is gradual without any
concentrated offsets and has a maximum absolute value of approx. 48 cm (Figure 10.14).
The maximum differential settlement of the overlying road is approx. 23 cm. This value is
smaller than the maximum allowed values of dmax = 30 cm and it confirms the previously

estimated seismic deformation of the slope of d = 28.65 cm (see Chapter 10.5).
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Figure 10.13. Residual total displacements of the slope for the input signal BGK_C_1.
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Figure 10.14. Distribution of the total displacements at the top of the slope for the input signal BGK_C_1.

A statistical approach with an average value of the differential settlements for the seven input
signals finalised the analysis (Table 10.6). The average value of the differential settlement at
the top of the slope is 28.1 cm which is smaller than the maximum allowed differential
settlement dnax = 30 cm. These values are in the same range with the previously estimated
seismic deformations and they confirm the reliability of the suggested methodology. In
comparison with the previous steps, the numerical analysis provides more accurate results
and more specific information, such as the distribution of the displacements complementing,
when necessary and if required, the graphical and analytical steps presented in previous

sections.
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Table 10.6. Statistical evaluation of the differential settlements at the top of the slope.

Input signal Differential settlement [cm]
BGK_C_1 23.6
BGK_C_2 30.9
BGK_C_3 22.9
BGK_C_4 40.9
BGK_C_5 25.5
BGK_C_6 22.0
BGK_C_7 31.2
Average value 28.1

10.7. Conclusion and discussion

The presented procedure approaches the problem of steep slopes using simple concepts
based on the compatibility of the developing failure mechanisms with Newmark’s sliding-
block assumption. This assumption is well suited for the large majority of earthquake-
triggered landslides, as indicated by Keefer (1984; 2002) in his analyses of data from world-
wide earthquakes.

The complexity of the evaluation steps increases from a graphical tool of displacement
estimation, to a regression relationship for the upper bound of displacements, and a FE
analysis. The accuracy of the results also increases with the complexity of each step (Table
10.7). The validity of the graphical and analytical results can be verified using FE

investigations with seismic input signals compliant with design code specifications.

Table 10.7 Summary the evaluation of the seismic behaviour of the slope.

Procedure step Outcome Observations

Limit equilibrium calculation FSq=0.85 The sub-unitary value does not
according to SIA 267 (2013) necessarily imply the failure of the slope.
Graphical evaluation of the d=10-100cm Estimation of the order of magnitude of
displacements the seismic-induced displacements.
Regression curve for d=28.6cm Approximation of the seismic-induced
displacement evaluation displacements of the investigated slope.

FE analysis using PLAXIS 2D dag = 28.1 cm Evaluation of the distribution of

displacements in the slope
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Large sets of infrastructure objects can be rapidly evaluated and priorities for further
investigations can be set based on the magnitude of displacements obtained using the
graphical tool (Figure 10.4). In situations in which a more accurate evaluation of
displacements is required, the regression relationship can be used on the condition that the
developing failure mechanism is compatible with the sliding-block assumption. Alternatively,
a FE analysis can be performed if the compatibility with the sliding-block assumption is not
given or if more detailed information related to the distribution of seismic displacements is
required,.

The concept of an increased mobilized friction angle, based on an increased global factor of
safety provides reliable results. The main argument for the use of an augmented friction
angle is the conservatism incorporated in the characteristic value of this parameter. This is
usually determined as a critical state parameter, which already includes a safety margin and,
in addition to that, the existence of additional stabilising factors such as dilatancy, suctions,
vegetation, etc. cannot be neglected.

However, the reliability of the calculated displacements under the assumption of an
augmented friction angle is given only after the verification of the mechanical compatibility of
the obtained seismic-induced displacements with the additional stabilizing factors (See
Chapter 6.4). For example, if suctions due to unsaturated soil conditions are the additional
stabilising factors in the slope, their mechanical compatibility with the seismic-induced
displacements has to be verified. This can be performed using laboratory investigations as
showed in Chapter 2.

The procedure presented above using the calculation example confirms once more the
concepts related to the sub-unitary seismic factors of safety. As stated by Gazetas et al.
(2014), “the consequence of Feg < 1 is a finite inelastic (permanent) deformation of the
system: rotation, horizontal, vertical displacement of foundations, slippage of retaining walls
and slope wedges”. The limitations of the pseudo-static methods in this kind of situations can
be totally avoided using displacement-based approaches. Concepts such as maximum
displacements, distribution of displacements, etc. become more important and decisive in the

design or verification process, giving less relevance to the calculation of safety factors in the
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10.8. Acknowledgements

classical meaning. This also opens the way for the latest trends in the development of design
codes, which advance in the direction of performance-based design, complementing the
classical capacity design. As an example, the Swiss code for the basis of structural design
(SIA 260, 2003) states that the service criteria agreement, which is the base for the design
process of a structure, “shall be formulated on the basis of a dialogue between the owner

and the design engineers”.
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Abstract

There is an increasing need of evaluating the seismic behaviour of flood protection measures
(e.g. Rhone dams) in the context of fast development of buildings and infrastructure in alpine
areas. The identification of critical points in already existing systems and the design of new
protection measures are of great importance. In addition to that, the evaluation of the seismic
behaviour of retrofitted systems is decisive for general risk assessment and further
development of the infrastructure. For the specific case of the Rhone dams two alternative
retrofitting measures are planned: sheet-piles and mixed-in-place (MIP) walls. These
measures aim to improve the flood protection capacity of the existing dams according to the
latest dam safety regulations. The current study investigates the seismic behaviour of Rhone
dams both with and without the planned retrofitting measures. The results show the main
advantages and disadvantages in each situation, facilitating a future decision about the most
appropriate retrofitting measure.

Keywords: seismic analysis, non-linear behaviour, soil-structure interaction, river dams
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11.1. Einleitung

In dem Zusammenhang der starken Siedlungs- und Infrastrukturentwicklung in den alpinen
Talern, die durch Hochwasserschutzbauten wie z.B. die Rhonekorrektion ermdglicht wurden,
steigt das Bedurfnis nach einer besseren Beurteilung des seismischen Verhaltens der
Hochwasserschutzsysteme. Auf einer Seite sind die Identifizierung der kritischen Stellen fur
bestehende Bauwerke und der Entwurf eventueller Sicherungsmassnahmen von besonderer
Bedeutung. Auf der anderen Seite ist die Beurteilung des seismischen Verhaltens der
nachgeristeten Hochwasserschutzbauten fir die allgemeinen Risikoabschéatzungen
entscheidend fur die weiteren Entwicklungsmoglichkeiten der Infrastruktur und der
Besiedlungen.

Um den Hochwasserschutz zu verbessern und bestehende Damme der dritten
Rhonekorrektion den neusten Sicherheitsanforderungen anzupassen, haben sich zwei
unterschiedlichen Sicherungsmassnahmen als funktionsfahige Nachristungen des
Dammkarpers ergeben: eine eingerammte Stahlspundwand und eine ,Mixed-In-Place® (MIP)
Dichtwand. Diese Studie befasst sich mit der Beurteilung des seismischen Verhaltens der

Damme mit und ohne Nachriistungsmassnahmen.

11.2. Methodik

11.2.1. Bestimmung der kritischen Geometrie des Dammprofils

Die Beurteilung des seismischen Verhaltens der Damme und der Nachriistungsmassnahmen
wurde durch numerische Modellierungen mit finiten Elementen (Plaxis 2012 — Brinkgreve et
al., 2012) untersucht. In einem ersten Schritt wurden Feldmessungen durchgefuhrt und
reprasentative Querschnitte fir die Zusammenstellung eines numerischen Modells ermittelt.
Die Feldmessungen haben sich auf die Rhone Ddmme zwischen Visp und Baltschieder
konzentriert und die Reprasentativitdt der ermittelten Querschnitte wurde durch den
Vergleich mit vorhandenen Informationen Uber die 3. Rhonekorrektion (Mayor & Springman,
2011; Kanton Wallis, 2008; Springman et al., 2013) bestétigt.

Eine Ubersichtskarte der ausgemessenen Standorte ist im Bild 11.1 gegeben.
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Bild 11.1. Ubersichtskarte der ausgemessenen Standorte (Geiser, 2013).

Die aus den Feldmessungen entstandenen und fir die numerischen Untersuchungen
vorgeschlagenen Profile auf der linken Seite (1LA; 1LB) der Rhone sind in den Bilder 11.2 —

11.3 ersichtlich.
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Bild 11.2. Dammprofil am Standort 1LA (vgl. Bild 1) (Geiser, 2013).
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Bild 11.3. Dammprofil am Standort 1LB (vgl. Bild 1) (Geiser, 2013).

Ein Segment besonderer Geometrie wurde am Standort 1LB identifiziert. Durch ein
genutztes Gelande, das sehr nahe an der luftseitigen Béschung des Dammes liegt, wurde
eine Bdschungsneigung von ungefahr 45° bei der Dammkonstruktion verursacht.

Auf der rechten Seite der Rhone wurden die folgenden Profile ermittelt (Bild 11.4 - Bild 11.5).
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Bild 11.4. Dammprofil am Standort 1RA (vgl. Bild 1) (Geiser, 2013).
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Bild 11.5. Dammprofil am Standort 2RA (vgl. Bild 1) (Geiser, 2013).

Die vorhandene Dammsektion am Standort 2RB (Bild 11.6) gehért zur 3. Rhonekorrektion,
und ist ein Beispiel fur die neuen Dammsegmente mit optimierten Profilen. Die Dammsektion
ist noch nicht in Betrieb aber sie wird in die Zukunft das am Standort 2RA vorhandene
Segment ersetzen. Dieses Segment wird trotzdem weiter betrachtet, da auch solche

Segmente der 2. Rhonekorrektion weiter verwendet werden.

A 00 22

1.10
8V
3.48
27¢
Q@

[m]

Bild 11.6. Dammprofil am Standort 2RB (vgl. Bild 1) (Geiser, 2013).

Durch die Auswertung der unterschiedlichen ausgemessenen Dammprofile, hat sich das
Profil 2RA als kritisch und reprasentativ fur den jetzigen Zustand der Rhone Damme
ergeben. Obwohl das Profil 1LA eine gréssere Neigung auf der Luftseite aufweist, ist dieser
Fall eine Ausnahme, die punktuell untersucht werden soll und damit nicht als reprasentativ
betrachtet werden kann. Die weiteren Berechnungen werden sich auf die Geometrie des

Profils 2RA (vgl. Bild 11.5) beziehen.
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11.2.2. Bestimmung des Baugrundmodells

Die Bestimmung und Idealisierung des geologischen Modells basiert auf bereits
durchgefuhrten Untersuchungen in der Umgebung Visp im Rhonetal (e.g. Weber et al., 2007,
Burjanek, 2011; Mezger, 2011).

Von besonderer Bedeutung in einer dynamischen Analyse ist die Bestimmung der Lage des
Felshorizontes. Anhand von Ambient-Noise Messungen und
Scherwellengeschwindigkeitsprofile konnte die Tiefe des Felshorizontes am Standort des

Dammes mit 100 m abgeschéatzt werden (Bild 11.7).
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Bild 7.11. Tiefe des Felshorizontes im Rhonetal bei Visp (Burjanek, 2011).

Die ldealisierung des Baugrundmodells erfolgt mit Hilfe von geologischen Informationen, die
der Bohrungen entlang der Autobahn A9 (OSPER, 2014) und der Untersuchungen am
Bahnhof Visp (Weber et al., 2007) entnommen wurden. Das idealisierte Baugrundmodell ist

im Bild 11.8 dargestellt.
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Bild 11.8. Initiales idealisiertes Baugrundmodell mit Angabe der Machtigkeit der Schichten bis zum
Felshorizont (Geiser, 2013).
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Um den Berechnungsaufwand zu reduzieren, wurde die Tiefe des modellierten
Untergrundbereichs mit Vergleichsberechnungen am grossen Modell (Bild 11.9) optimiert.
Statische Untersuchungen der Verformungen mit einem allgemeinen symmetrischen
Dammprofil haben gezeigt, dass die volumetrischen Dehnungen infolge der Dammerrichtung
ab einer Tiefe von 22 m vernachlassigbar sind.
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Bild 11.9. Verteilung der volumetrischen Dehnungen infolge der Dammerrichtung.

Fur die dynamische Modellierung ist geméass Marin et al. (2012) die Breite des Modells so
gewahlt, dass ungewiinschte Randeffekte minimiert werden kénnen.

Da die Entwicklung der Porenwasseriberdriicke wahrend der seismischen Anregung durch
die Begrenzungen des verwendeten FE-Programms nicht modelliert werden kann und von
einem drainierten Verhalten ausgegangen wird, wird der Wasserspiegel in die folgenden
Berechnungen vernachlassigt. Das Material im Dammkoérper wird als uniform angenommen
und besteht aus dem an der Oberflache vorhandenen siltigen Sand. Die durch den Bewuchs
entstandenen Haftkrafte an der Oberflache der Dammbdschungen werden mit einer leicht
erhdhten Kohéasion bertcksichtigt.

11.2.3. Stoffgesetze, Bodenkennwerte und FE-Netz

Fir die Modellierung des statischen und dynamischen Verhaltens des Dammes wurde das in
Plaxis implementierte Stoffgesetz Hardening-Soil-Small-Strains (HSSmall) verwendet.
Dieses Stoffgesetz erlaubt die Modellierung der nicht-linearen Abnahme des Schubmoduls
mit den Scherdehnungen und den Einsatz der maximalen Schersteifigkeit Go im Bereich

kleiner Dehnungen (Bild 11.10).
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Bild 11.10. Allgemeine Darstellung des Stoffgesetzes HSSmall: links — Spannungs-Dehnungs-Beziehung;
rechts — Verlauf des Schubmoduls mit den Scherdehnungen (nach Brinkgreve et al., 2012).

Die verwendete Bodenkennwerte basieren auf Laboruntersuchungen sowie auf
Erfahrungswerte aus der Literatur (Weber et al., 2007; Mezger, 2011; Geiser, 2013;
Scheiwiller, 2013) und sind in der Tabelle 11.1 zusammengefasst. Die erhéhten Werte des
Reibungswinkels im Dammkdrper und an der Dammoberflache wurden durch eine
Ruckrechnung unter Ansatz einer minimalen globalen Sicherheit des Dammes von FS = 1.1
ermittelt. Sie bericksichtigen die im Dammmaterial bestehenden Haftkrafte (z.B.
Saugspannungen, Zementierung, Dilatanz, etc.). Die Wandreibung wurde bei 2/3 ¢‘ des
Materials, in dem die MIP- oder Stahlspundwand eingebaut wird, angenommen.

Tabelle 11.1. Kennwerte der unterschiedlichen Materialien.

0?

Nr. Material Mittlere Tiefe z Y o' c' E, G, Eoed v Vv, vy
[-] [-] [m] [kN/m?]  [7] [kPa] [Mpa] [Mpa] [Mpa] | [[] [m/s] [m/s]
D1 Silt Dammkarper -1.75 20.0 42.7 0.0 174 67 234 03 181 339
D2 | Silt Dammoberflache -1.75 20.0 42.7 5.0 174 67 234 | 03 181 339
1 Silt1 4 20.0 34.0 1.0 200 77 269 03 194 363
2 Kies 1 1 21.0 35.0 1.0 800 307 1077 | 03 379 709
3 Silt 2 18 20.0 34.0 1.0 700 269 942 03 363 680

Fur die Bestimmung der Materialdampfung wurde unter Anwendung des Programms EERA
(Bardet et al., 2000) eine Kalibrierung (Marin et al., 2012) der Zeitbereichsanalyse (PLAXIS)
mit einer linear-aquivalenten Analyse im Frequenzbereich durchgefiihrt. Die Resultate dieses

Kalibrierungsverfahrens sind in der Tabelle 11.2 ersichtlich.

Tabelle 11.2. Rayleigh Beiwerte fur die Modellierung der Materialdampfung.

Layer 01Silt 02 Kies 03 Silt 04 Kies 05 Silt 06 Mordne | 07 Mordne
al-] 0.7530 0.0476 0.6234 0.4858 0.5490 0.0317 0.2931
-] 0.000841|  0.000532 0.000696| 0.000543| 0.000613| 0.000355| 0.000327
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Das verwendete FE-Netz ist im Bild 11.11 dargestellt. Die Feinheit des generierten FE-

Netzes wurde optimiert, um die Genauigkeit der Resultate im Bereich des Dammkoérpers zu

gewahrleisten. Die groberen Elemente ausserhalb dieses Bereiches reduzieren den
Berechnungsaufwand.
8 9.
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Bild 11.11. Optimiertes FE-Model. Identifizierung der modellierten Materialien.

11.2.4. Stoffgesetze und Kennwerte der Dichtwande
Mixed in Place Wand (MIP-Wand)
Die 0.5 m breite MIP-Wand wird als Plattenelement mit einem linear-elastischen Stoffgesetz

modelliert. Die Materialkennwerte sind in der Tabelle 11.3 zusammengefasst.

Tabelle 11.3. Kennwerte der MIP-Wand.

Material ~ Material Typ EA El v | aquivalente Dicke d f
[] [-] [kN/m] | [kNm*/m] | [-] [m] [N/mm?]
Boden und ] . . .
Bindemittel elastisch 9'900'000 206000 | 03 0.499 33

Die mittlere Zugfestigkeit des Materials kann Nach der DIN 1045-1 (2008) bestimmt werden.
Anhand der mittleren Zugfestigkeit kann dann der Biegewiederstand des rechteckigen

Querschnitts ermittelt werden.

= . 2/3 = 3
feom = 03+ fi* = 0.665 — (A1)
Me - I, b-h* 0.665 N 1m’-(500mm)* ; kNm
ra = fetm Xmax fetm 12 X mm?2  12:250mm T m' (11.2)
mit: fum [N/MmM?]  mittlere Zugfestigkeit
fo [N/mm?] charakteristischer Wert der Zylinderdruckfestigkeit

Mgy [kNmM/m’]
l, [mm?]

elastischer Bemessungswert des Biegewiderstands pro Laufmeter
Flachentragheitsmoment

Xpmax [MM] elastisches Widerstandsmoment
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Stahlspundwand
Das Spundwandprofil Larsen 600, S235 (Hoesch, 2013) wird ahnlich wie der MIP-Wand
durch einen Plattenelement mit einem linear-elastischen Stoffgesetz modelliert.  Die

Materialkennwerte sind in der Tabelle 11.4 aufgelistet.

Tabelle 11.4. Materialkennwerte fur die Stahlspundwand mit dem Profil Larssen 600, S235.

Material | Material Typ EA El v i aquivalente Dicked | Wy, f,
[-] [-] [kN/m] | [kNm*/m] [-] [m] [cm?] | [N/mm?]
Stahl elastisch 2'513'700 8'033 0.3 0.196 510 235

Das aufnehmbare Biegemoment wird gemass SIA 263 (2003) bestimmt.

N

Moy = fy Wy _ 235 ——5"510'00 mm? _ 114.1;(]\]_;71
Ym1 1.05 m (11.3)
mit: Meg [kNmM/m’]  elastischer Bemessungswert des Biegewiderstands pro Laufmeter
f, [N/mm?] Fliessgrenze Stahl S235
W, [N/mm?] elastisches Widerstandsmoment
Y [-] Widerstandsbeiwert

11.2.5. Seismische Einwirkung

Im ersten Schritt wird eine Amplifikationsanalyse am Standort durchgefiihrt. Dazu wurde der
Beschleunigungszeitverlauf des Erdbebens Northridge 1994, mit einer Magnitude M,, = 6.7
und einer maximalen Mercalli Intensitat 1X (Ambraseys et al., 2002) verwendet. Fir die
relevante Untersuchung wurde das Originalsignal auf das SIA Niveau der Erdbebenzone 3b
fur die Baugrundklasse A (PGA = 0.16 g) skaliert (Bild 11.12). Die dynamische Anregung
wurde in der Tiefe von 100m des initialen idealisierten Modells (vgl. Bild 11.8) angesetzt und
durch die Amplifikationsanalyse der Beschleunigungszeitverlauf in einer Tiefe von 22 m von
der Oberflache ermittelt, der als Eingangssignal fur die Berechnungen verwendet wird (Bild

11.13).
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Bild 11.12. Skalierter Zeitverlauf des Erdbebens Northridge 1994.
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Bild 11.13. Output der Amplifikationsanalyse: Zeitverlauf in einer Tiefe von 22m von der Oberflache.
Eingangssignal fur die weitere Berechnungen.

11.3. Resultate der dynamischen Untersuchungen

Im Folgenden werden die Resultate vergleichend zwischen einen Damm ohne und einen
Damm mit Nachristungsmassnahmen dargestellt.

11.3.1. Allgemeine Verformungen des Dammes

In einem ersten Schritt kann man das verformte FE-Netz des Dammes nach der seismischen
Anregung betrachten (Bilder 11.14 — 11.15). Bei der Betrachtung der allgemeinen
Verformungen lassen sich keine markanten Unterschiede zwischen das allgemeine
Verhalten des Dammes in den zwei Situationen feststellen: ohne Nachristungsmassnahme
oder mit einer MIP- oder Stahlspundwand. Die verformten FE-Netzte sehen gleich aus und
die maximalen modellierten Deformationen weisen eine minimale Abweichung im

Millimeterbereich auf.
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Bild 11.14. Verformtes FE-Netz nach der seismischen Anregung (ohne Nachriistungsmassnahme).
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Bild 11.15. Verformtes FE-Netz nach der seismischen Anregung (Damm mit Nachriistungsmassnahme).

11.3.2. Entwicklung des Verformungsmechanismus

Der Verformungsmechanismus und seine Entwicklung Uber die Zeit kdnnen durch die sich
am Ende der seismischen Anregung eingestellten Scherdehnungen dargestellt und
untersucht werden (Bilder 11.16 — 11.17). Auch in diesem Fall sind nur minimale

Unterschiede in der Entwicklung der Verformungsmechanismen festzustellen. Die
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11.3. Resultate der dynamischen Untersuchungen

Auswertung der Resultate zeigt, dass die maximalen Scherdehnungen am Ende der
seismischen Einwirkung in allen untersuchten Situationen im Bereich von 51 — 57 % lagen.
Die sich einstellenden Verformungsmechanismen sind ahnlich und weisen darauf hin, dass
eine Nachriistungsmassnahme mit einer undurchlassigen Wand im Dammkdrper minimale

Einflisse auf das allgemeine seismische Verhalten des Dammes hat.
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Bild 11.16. Scherdehnungen nach der seismischen Anregung (Damm ohne Nachristungsmassnahme).
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Bild 11.17. Scherdehnungen nach der seismischen Anregung (Damm mit Nachriistungsmassnahme).
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11. Appendix Il. Sicherungsmassnahmen der Rhone Damme

11.3.3. Setzungen infolge der seismischen Anregung

Von besonderer Bedeutung bei der Auswertung des seismischen Verhaltens und der
Auswirkungen der dynamischen Anregung auf die Funktionstauglichkeit des Dammes sind
die residualen vertikalen Verformungen. Wie schon ausgedeutet, ist das Verhalten des
Dammes in allen Fallen sehr ahnlich und damit auch die sich eingestellten vertikalen
Verformungen am Ende der seismischen Anregung gleich (Bilder 11.18 — 11.19). Die
maximalen Setzungen betragen 5 cm und stellen keine Gefahr fir die Funktionstauglichkeit
des Bauwerks. Ein leichter Unterschied ist auf der rechten Seite (Luftseite) des Dammes zu
merken: obwohl der Maximalwert gleich ist, sind die vertikale Verformungen der Luftseite

allgemein grdsser im Fall einer Nachristungsmassnahme (MIP- oder Stahlspundwand).
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Bild 11.18. Vertikale Verformungen des Dammes nach der seismischen Anregung (ohne
Nachriistungsmassnahme).
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11.3. Resultate der dynamischen Untersuchungen
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Bild 11.19. Vertikale Verformungen des Dammes nach der seismischen Anregung (mit MIP-Wand).

11.3.4. Seismisches Verhalten der Nachriistungsmassnahmen

Die Nachrustungsmassnahmen werden die Hochwasserschutzleistung der bestehenden

Damme ohne weitere Arbeiten am Dammprofil verbessern und sie beeinflussen das

allgemeine seismische Verhalten des Dammes nicht. Es bleibt aber sicherzustellen, dass die

Funktion der eingebauten Wande (MIP- oder Schmaldichtwand) unter die seismische

Einwirkung gewabhrleistet ist. In einem ersten Schritt wird die Umhdillende der maximalen

Biegemomente in der MIP-Wand dargestellt (Bild 11.20).
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Bild 11.20. Umhillende der maximalen Biegemomente in der MIP-Wand.
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11. Appendix Il. Sicherungsmassnahmen der Rhone Damme

Die maximalen Werte sind auf den beiden Seiten der Wand im &hnlichen Bereich zwischen
50 — 60 kNm aber der Extremwert bleibt auf der linken Seite mit M, = -56.6 KkNm (vgl. Bild
11.21). Dieser Wert ist deutlich hoher als das vorher bestimmte aufnehmbare Biegemoment
Mg = 27.7 KNm. Damit ist eine Rissbildung in der Wand zu erwarten, wobei diese Risse sich
nicht durchgehend ausbilden werden.

Die zweite Nachristungsmassnahme besteht aus der Stahlspundwand (Larssen 600, S235)

und die Umhullende der maximalen Biegemomente ist im Bild 11.21 ersichtlich.
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Bild 11.21. Umhillende der maximalen Biegemomente in der Stahlspundwand.

Durch die erheblich kleinere vorhandene Biegesteifigkeit der Spundwand sind auch die
erzeugten Momenten viel kleiner und liegen mit dem Extremwert My, = -7.63 kKNm weit

unterhalb der ermittelten Biegekapazitat My = 114.1 kNm.

11.4. Fazit

Die  dynamischen  Untersuchungen haben gezeigt, dass das allgemeine
Verformungsverhalten des Dammes von der Art der Nachriistungsmassnahme unabhéngig
ist. In den beiden Situationen mit und ohne Dichtwand, haben sich im Bereich der
Dammboéschungen und des Dammkérpers residuale Verformungen gleicher Magnitude

eingestellt. Totale Verformungen (vertikal und horizontal) von 9 cm (vgl. Bilder 11.14 — 11.15)
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11.5. Referenzen

und Setzungen von 5 cm (vgl. Bilder 11.18 — 11.19) stellen keine Gefahr fir die
Funktionstauglichkeit des Dammes, selbst wenn dieser die Funktion eines Verkehrstragers
erfillen musste.

Die Entscheidung Uber die geeignete Nachristungsmassnahme stellt ein komplexeres
Verfahren als lediglich eine kraftbasierte Auswertung der Sicherheit dar. Die Problematik der
Rissentwicklung fur die MIP-Wand sollte durch eine erweiterte Analyse, die die Umverteilung
der Momente im Querschnitt der Wand berlcksichtigt, betrachtet werden. Nicht zu
vernachlassigen sind die Kosten jeder Massnahme, die eine wichtige Rolle in diesem
Entscheidungsverfahren spielen. Auf eine definitive Aussage Uber die Angemessenheit einer
Nachristungsmassnahme wird in diesem Beitrag verzichtet, da das Ziel der Studie lediglich
die  Beurteilung des seismischen Verhaltens des Dammes und der
Nachristungsmassnahmen sowie der Wechselwirkung zwischen den beiden ist.

Aus Kapazitatsgriinden des verwendeten numerischen Programms sind Stoffgesetze, die
eine Erhdhung der Porenwasserdriicke durch die dynamische Belastung berticksichtigen
(z.B. lai et al., 1990), nicht in diesem implementiert. Da einer solche Berechnung nur unter
unverhaltnismassig grossem Aufwand durchgefiihrt werden konnte (e.g. Roten et al., 2011),
wurde eine Erhdhung der Porenwasserdriicke in der numerischen Berechnung nicht
berticksichtigt. Eine solche Untersuchung soll fur den Fall eines verflissigungsgefahrdeten

Bodens als Erweiterung der vorgestellten Studie durchgefiihrt werden.
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