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Vorwort des Herausgebers

Die vorliegende Promotionsschrift von Herrn Dr.-Ing. Hans Henning Stutz ist dem Forschungs-
und Arbeitsgebiet ”Bodenmechanik®“ und der ”Materialmodellierung* zuzuordnen. Die un-
tersuchte Problemstellung ergab sich aus den bisherigen offenen Fragen zur Boden-Bauwerk-
Interaktion an der Professur Geomechanik und Geotechnik bzw. an dem DFG Graduiertenkolleq
1462 " Qualitat gekoppelter numerischer und experimenteller Modelle* und wurde konsequent
entsprechend der eigenen Sichtweise analysiert und weiterentwickelt. Die Zielstellung der Arbeit
bezieht sich dabei auf die aktuellen Fragestellungen von Grenzflichen- und der Kontaktprob-
leme in der Geotechnik. Um das komplexe Verhalten hinsichtlich Scher- und volumetrischen
Verhalten an den Kontaktzonen korrekt zu beschreiben, muss ein geeignetes Modell verwendet
werden. Jedoch sind einfach zu implementierende und korrekt beschreibende Kontaktmodelle
bislang nicht vorhanden. Die Arbeit beinhaltet origindre Losungen beziiglich der Interaktions-
bzw. Grenzflachenproblematik von eingebetteten Bauwerksstrukturen bzw. Konstruktionsteilen
und dem Geomaterial.

Diese Fragestellungen treten fiir nahezu alle eingebetteten Bauwerksstrukturen oder deren
Strukturidentifikation von statischen und dynamischen Belastungen auf und sind von ele-
mentarer Bedeutung fiir das Design, Analysen oder Entwicklung dieser Interaktionen. In der Ar-
beit wurden vorhandene Kontaktmodelle analysiert sowie bewertet. Basierend auf dieser Grund-
lage erfolgte eine kontinuumsmechanisch konsistente Beschreibung der Kontaktflache durch re-
duzierte Spannungs- und Dehnungstensoren. Die so verbesserte Modellierung der Scherspannungs-
Mobilisierung und des volumetrischen Materialverhaltens wurde, basierend auf hypoplastis-
chen Grundmodellen zur Materialbeschreibung fiir granulare Geomaterialien erweitert und fiir
feinkornige Materialien neu entwickelt.

Die neuen Kontaktmodelle wurden erfolgreich verifiziert und entsprechend in Finite-Elemente
Software implementiert. Anhand unterschiedlicher numerischer und experimenteller Beispiele
konnte die deutlich verbesserte Qualitat in der Simulation von Kontaktproblemen nachgewiesen
werden. Mit dem vorliegenden Beitrag kann nunmehr das Kontaktproblem realitatsnah und ef-

fektiv in numerischen Simulationen berticksichtigt werden.

Kiel, im November 2016 Frank Wuttke



VI



Acknowledgement

The present Ph.D. thesis has been written working at Training Research Group 1492, Bauhaus
University Weimar and Kiel University. Many people have contributed to this thesis directly

or indirectly, I want to express my acknowledgements to them.

First and foremost, I would like to express my gratitude to my supervisor Professor Frank
Wuttke. His valuable knowledge and scientific guidance was important to finish this thesis.

I would like to acknowledge Professor Ivo Herle as a member of the committee and for his
valuable remarks and comments.

In addition, I would to express my gratitude to Dr. David Masin how gave me important in-
sights into the hypoplastic theory and constitutive modelling. I would like to thank Professor
Thomas Benz for the fruitful discussions and the opportunity to join the geotechnical group
at NTNU in Trondheim, Norway. The opportunity for inspiring discussions together with Dr.
Jean-Michel Perreira in Paris, is highly appreciated.

Furthermore, I would like to thank the following researchers for advice and useful discussions,
Professor Gustav Grimstad, Professor Gudmund Eiksund, Professor Steinar Nordal, Dr. Ali
Lashkari, Dr. David Morin, and Dr. Giuseppe Mortara.

I would like to say thank you to the geotechnical group at NTNU for the enjoyable and kind
time in Norway. In particular, I say thank you to Ivan, Stian, Xenia, Priscilla, Anteneh, and
Hilde.

Also, I would like to thank my former colleagues at Bauhaus-University Weimar, Frank, Holger,
Bastian, Dmitrii, and all others, and my current colleagues at Kiel University, that I discussed

and worked with at the Institute of Geo-Science.

Special thanks go to my parents and my family for their support during my education, studies
and finally receiving my Ph.D.

Finally, I want to thank my wife Carina and my son Lennard for being patient. Thank you, for
all the support you both gave me in the last years, without this the thesis would not have been

completed!

Hans Henning Stutz



VIII



Abstract

The consideration of interfaces is an important issue when modelling the holistic global struc-
tural behaviour of geotechnical engineering structures. The most prominent example is the shaft
friction of axial loaded piles and anchors.

This thesis reviews the behaviour of soil-structure interfaces as well as the constitutive models
that can be used for their simulation. The modelling of interfaces is a difficult issue with respect
to volumetric and shear behaviour, because commitment to an appropriate interface model can
be challenging. Advanced models with simplified methods for implementation were previously
non-existent.

It can be difficult to determine an appropriate interface model. If the interfaces are properly
considered in the analysis of soil-structure interaction, the results are improved substantially.
In this thesis, a stochastic assessment scheme was proposed and applied. This scheme was
modified to take into account the special considerations for the assessment of interface models.
Based on the assessment and a state-of-the-art review, theoretical considerations were used and
a novel scheme was developed. This scheme uses reformulated mathematical operators as well
as reduced stress and strain rate tensors, based on existing constitutive equations, to model in-
terfaces. Shear stress mobilization and the volumetric behaviour are predicted more accurately,
and the bearing behaviour of frictional contacts can be modelled in a better way.

By using the novel scheme, an older hypoplastic interface model for granular interfaces was
enhanced, and three different hypoplastic clay interface models were proposed. These models
were verified and validated with experimental data.

In addition to the theoretical constitutive model formulation, an implementation method was
developed. This allowed a user-friendly implementation of advanced constitutive models as
interface models using the capabilities of a commercial finite element software package. This
concept was exemplary applied to various 3D boundary value problems and the benefits of such
advanced hypoplastic interface model are discussed.

The theoretical developments as well as the development of the user-friendly implementation
scheme will increase the accessibility of advanced interface models to practical engineers. The
modelling and experimental observations can thus be brought into a better framework of reliable

modelling results.
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Zusammenfassung

Das Kontaktverhalten von geotechnischen Strukturen ist wichtig zur Berechnung des ganz-
heitlichen Strukturverhaltens bei der Beriicksichtigung von Boden-Bauwerks -Interaktion. Bekan-
nte Beispiele dafiir sind axial belastete Pfahle und Anker.

Diese Arbeit fasst den Stand der Forschung zum Boden-Bauwerkkontakt-Verhalten und die rel-
evanten Modelle zu deren Simulation zusammen. Die Modellierung des Volumenverhaltens und
des Scherverhaltens ist schwierig, weil oft unklar ist, welches Modell das Verhalten der Kontak-
tflachen bestmoglich beschreibt. Einfach zu implementierende zukunftsweisende Modelle sind
bis hierher nicht vorhanden bzw. bekannt.

Es ist meist schwierig, ein geeignetes Kontaktflachenmodell zu wahlen, wobei aber die kor-
rekte Beriicksichtigung von Kontaktflichen bei der Analyse des Boden-Bauwerkskontaktes die
Ergebnisse der Modellierung signifikant verbessert. In dieser Arbeit wurden verschiedene ex-
istierende Modelle zur Modellierung von Boden-Bauwerks-Kontakten mit Hilfe eines stochastis-
chen Ansatzes untersucht und bewertet. Anhand dieser Bewertung und dem Stand der Forschung
wurde basierend auf theoretischen Uberlegungen ein Methode entwickelt. Diese erlaubt es, die
Kontaktflachen mittels modifizierter mathematischen Operatoren und reduzierten Spannungs-
und Dehnungstensoren, basierend auf existierenden Kontinuums-Modelle zu berechnen. Dies
fithrt zu verbesserten Modellierung der Scherspannungs-Mobilisierung und des volumentrischen
Verhaltens der Kontaktzone.

Basierend auf dem neuen Konzept wurde ein existierendes, hypoplastisches Modell fiir granulare
Kontaktreibung verbessert und drei unterschiedliche hypoplastische Modelle fiir das Kontak-
tverhalten von feinkornigen Boden entwickelt. Alle Modelle wurden verifiziert und mit experi-
mentellen Daten validiert.

Zusatzlich zur Formulierung der theoretischen Modelle wurde ein Konzept erarbeitet, mit dem
die entwickelten Modelle in eine Finite-Elemente Software implementiert werden konnten. Hi-
erzu werden existierende Boden-Kontinuumsmodelle benutzt. Die Implementierung dieser Mod-
elle wurde mittels unterschiedlicher Randwertprobleme erfolgreich validiert und die Vorteile
der Modelle sowie des Implementierungskonzeptes diskutiert. Die theoretischen Uberlegungen
und das benutzerfreundliche Implementierungsschema wird die Zuganglichkeit dieser zukun-
ftsweisenden Modelle fiir Ingenieure verbessern. Hierdurch kénnen die Ergebnisse der Model-
lierungen und die experimentelle Beobachtungen angeglichen werden, was die Aussagefahigkeit

von Finite-Elemente Analysen weiter verbessern wird.
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Chapter 1

Introduction

1.1 Background and motivation

The soil in contact to structural elements (anchors, piles, tunnel-lining and retaining walls)
is the interface zone. This interface consists of a small soil volume attached to a structural
element. This thin-layer representing the interface is of interest because of existing discontinu-
ities in material properties i.e. the soil, which is an arrangement of different discrete particles
(fine or coarse grained) and the structural element (steel, concrete, wood). Under a relative
displacement, the localisation at the interface influence the structural behaviour. The interface
properties and phenomena that can occur in this narrow zone are manifold. The first experi-
mental evidence was given by Potyondy (1961). Based on his results, many different researchers
started to contribute to the field of the soil-structure interface. Major early contributions were
made by Coyle and Sulaiman (1967), Wernick (1978), Uesugi and Kishida (1986), Bosscher and
Ortiz (1987), and Uesugi et al. (1988) (for sands) as well as Littleton (1976) and Tsubakihara
and Kishida (1993) (clays). These experimental studies demonstrate that a soil volume several
magnitudes of order smaller than the structure greatly influences soil-structure interaction be-
haviour. The effort put into research and development in this field is therefore understandable.
Based on the assumptions of Wernick (1978), the importance of developing a new experimental
methodology to investigate the in-situ stress and strain state of such interfaces has yet to be
demonstrated. Before the research conducted by Wernick (1978), all researchers used modified
direct shear tests, but could not conduct the necessary constant-normal stiffness tests. This new
type of experimental methodology opened the way for the necessary experimental insights into
the fundamental aspects of dilation or contraction at interfaces. This innovation was needed
to explain the high values of friction were measured in site tests on model piles and anchors
(Wernick 1978).

As indicated by De Gennaro and Lerat (1999), Fioravante et al. (1999), Dietz (2000), Porcino
et al. (2003), DeJong et al. (2006), Hamid and Miller (2009), Hossain and Yin (2014a), and
Chen et al. (2015), the interface and different phenomena have not been fully studied. A short

summary of the importance of interfaces is given in Martinez et al. (2015). All this different

1



1. Introduction

research indicates the importance of understanding the soil-structure interface. The interface
can considerably influence the global performance of geotechnical engineering structures (e.g.
Clough and Duncan (1971), Griffiths (1985), Gens et al. (1988), Griffiths (1988), Day and Potts
(1998), Nakai et al. (1999), Lim and Lehane (2015), Yu et al. (2015)).

In addition to the experimental research, the first attempts to model the interface zones in
rock mechanics were made by Goodman et al. (1968), who introduced a zero-thickness inter-
face element to account for relative displacements in finite element analysis. This pioneering
work of modelling interfaces into finite element analysis was followed by many varying ways of
modelling such interfaces (e.g. Ghaboussi et al. (1973), Katona (1983), Beer (1985), Griffiths
(1988), Hohberg (1992)).

Nowadays, numerical methods are widely used in geotechnical engineering for design. The
consideration of interfaces into numerical analysis is often done by simplified Mohr-Coloumb
friction laws, which are mostly empirical based. Furthermore, the interface zone can be mod-
elled by standard finite elements (Griffiths 1985; 1988, Kim et al. 2007, Rebstock 2011, Tehrani
et al. 2016). This simplification or neglecting of the experimental evidence of the important in-
terfaces in soil-structure-interaction analysis can lead to an non-economic or over-conservative
design as well as to misleading predictions in geotechnical engineering design (Day and Potts
1998, Gutjahr 2003). For example, Gutjahr (2003) points out that the wall friction under the
translational point for a retaining wall is higher using a soil-structure interface model that is
more realistic than a simpler Mohr-Coulomb interface model.

Besides, neglecting the interface behaviour or assuming it fully rough, a large number of differ-
ent constitutive interface models were proposed (e.g. Mortara et al. (2002), Gémez et al. (2003),
Liu et al. (2006), Nakayama (2006), Lashkari (2013), Cheng et al. (2013)). All of these interface
models require specialised parametrisation, whereas the model of Arnold and Herle (2006) uses
the model parameters from the 3D soil continuum. Considering one unique set of parameters
is highly advantageous. In addition, 3D interface models have been rarely considered in recent
research (Arnold and Herle 2006, Arnold 2008, Liu et al. 2014).

In light of the large number of different interface models, it is difficult to determine the most
appropriate model. These models were not quantified and implemented into one numerical code
for a comparative assessment.

Advanced constitutive interface models have also not been used in engineering practice. This
may be due to a lack of suitable and user-friendly interface models. User-friendly does not mean
simple or models with large simplifications but rather models that do not depend heavily on a
special parametrization and interface tests. In particular, for clay structure interfaces, the lack
of consistent modelling approaches is obvious.

In addition to the model development and theoretical considerations, it is important to sup-
plement possibilities implementing the models. A straightforward approach for implementing

such models into different numerical formulations is lacking.
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1.2 Scope

The objectives of this thesis are to:
e Review the important experimental phenomena at soil structure interfaces

e Develop a simple and user-friendly quantification methodology choosing adequate con-
stitutive interface models that incorporates the aleatory and epistemic uncertainty of

constitutive interface models.

e Develop an innovative concept for transforming existing continuum 3D soil models into

2D interface constitutive models, applied to hypoplastic constitutive models

e Use this novel framework to develop and enhance various different kind of interface con-

stitutive models for clay and sand considering only a few additional parameters

e Propose an simple and robust implementation scheme to transfer the theoretical devel-

opments of constitutive modelling into numerical simulations

In order to contribute to the use and enhancement of soil-structure interface modelling. These

points will outlined below.

1.3 Outline

The thesis has nine Chapters. In Chapter 2, the interface problem is analysed by reviewing the
state of research in geotechnical engineering. This emphasizes the experimental research con-
tributions of several different authors. In addition to the experimental motivation, an overview
of different existing numerical discretization techniques and constitutive models for modelling
the interface zone is given in Chapter 3.

Chapter 4 presents a model assessment methodology, which can be used to quantify various
constitutive soil-structure interface models. The model assessment uses model properties (sen-
sitivity and uncertainty), which are combined in a unique framework considering multi-point
objective function measures. The chapter presents the results of this assessment and gives the
implications for future developments.

Motivated by the quantification of the constitutive models and the literature review, some
new interface models are developed in Chapter 5. An existing hypoplastic interface model is
adapted and modified by the in-plane stresses. Using the constitutive framework, fine-grained
hypoplastic interface models are proposed (Chapter 6). The newly developed models are val-
idated against each other as well as experimental data from previous research. This validation
is performed using various test conditions that can be found in the literature (Littleton 1976,
Tsubakihara and Kishida 1993, Sun et al. 2003).

The application of the new proposed models is shown in Chapter 7. This chapter describes
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the implementation method and utilization of the new interface models. The validated and
tested ABAQUS friction subroutine is used in boundary value problems such as direct shear
simulations, large scale interface shear device by Vogelsang et al. (2013), and the simulation of a
novel shallow penetrometer for characterizing the seabed for gas/oil pipelines. The importance
for the advanced modelling of interface behaviour is highlighted by this application.

In addition to reformulated hypoplastic models, the novel method presented in Chapter 5.4
can be used for other modelling frameworks such as Barodesy and elasto-plastic modelling ap-
proaches. This is highlighted in Chapter 8.

A summary, conclusions, and an outlook for future work is given in Chapter 9.



Chapter 2

Experimental modelling for

soll-structure interfaces

2.1 Introduction

The aim of this chapter is to review the major phenomena for different types of soil-structure
interfaces, introduce and highlight the experimental observations, and address the importance
of the different phenomena of the soil-structure interface.

These phenomena can be manifold. In particular, fine- (clays and silts) and coarse- (sands
and gravel) grained soils are reviewed. Both soils exhibit dilation and/or contraction under
continuous shear displacement at the interface. The properties and the inter-relation between
the structural surface and the soil is an important issue.

In the following sections, the experimental observations are discussed, and an overview of the
existing literature is given. First, the different testing methodologies are explained (Section 2.3).
This is followed by Section 2.4, which classifies the different soil-structure interface phenomena

and shows the relations between these. The chapter ends with a summary.

2.2 Testing methodologies for interface shear tests

There are different test set-ups for soil structure interfaces. Dietz (2000) describes the limita-
tions and advantages of the different testing equipment and set-ups available.

The mostly commonly used interface apparatus is the direct shear apparatus, which is modified
by introducing an structural interface into the lower or top part of the direct shear device. The
pioneering works of Potyondy (1961), Littleton (1976), and Wernick (1978) were conducted by
using direct shear test devices. For soil-soil direct shear tests, Potts et al. (1987) studied the
stress field inside a direct shear apparatus because of doubts concerning the uniformity of the
stress and strain in the soil specimen. Nevertheless, the simple modification from a conventional
to a modified direct shear test was an important development. Another important issue is the

well known testing procedure described for direct shear tests, which can be adapted for interface
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Table 2.1: Summary of interface testing apparatus (extended from Dietz (2000))

Type Advantages Complications Reference

Direct shear Simple  system | Doubts concerning | Potyondy (1961), Rowe (1962), Lit-
s failure  charac- | the uniformity of | tleton (1976), Y B et al. (1982),
- - teristics thought | stress and strain, | Tatsuoka and Haibara (1985), Boss-
_1 2 to comply with | loss of material | cher and Ortiz (1987), Boulon and
apparatus  kine- | during testing | Nova (1990), O'Rourke et al. (1990),

matics, can be | through  opening | Al-Douri and Poulos (1992), Dove

adapted from | between  surface | et al. (1997), Frost and Han (1999),

standard appara-
tus

and apparatus

Dietz (2000), Rao et al. (2000),
De Jong et al. (2003), Hamid and
Miller (2006), DeJong et al. (2006),
Miller and Hamid (2007), DeJong
and Westgate (2009), Taha and Fall
(2014), Hossain and Yin (2014b),
Zhao et al. (2014), Hossain and
Yin (2014a), Feligha and Hammoud
(2015), Yavari et al. (2016)

Axial-symmetric
loading

g

Similar to skin
friction of piles,
adaptable  from
standard appara-
tus

Normal stress on
interface unknown,
stress  concentra-
tion at ends

Coyle and Sulaiman (1967), Bru-
mund and Leonards (1973), Bru-
mund and Leonards (1987), Hebeler
et al. (2015), Martinez et al. (2015)

Ring shear Endless interface, | Gradient of dis- | Yoshimi and Kishida (1981),
Ny ' adapted from | placement  across | Neguessey et al. (1988), Tika-
C Ds ring-shear the interface, fric- | Vassilikos (1991), Lehane (1992),
“E tion of side walls | Evans and Fennick (1995), Vaughan
- and annulus + soil | et al. (1996), Lemos and Vaughan
A (2000), Ho et al. (2011), Eid et al.
(2014), Chen et al. (2015)
Simple shear Soil deforma- | End effects, bound- | Uesugi and Kishida (1986), Kishida
h tion measured | ary conditions pro- | and Uesugi (1987), Uesugi et al.
=k separately  from | mote the global- | (1988), Uesugi et al. (1989), Tsub-
interface surface | ization of sample | akihara et al. (1993), Tsubaki-
t slip, adapted | strains hara and Kishida (1993), Uesugi
from  standard et al. (1989), Evgin and Fakharian
apparatus (1996), Oumarou and Evgin (2005),
Ao et al. (2014)
Dual shear Interface friction | Instrumentation is | Paikowsky et al. (1995)

is measured on
central third of
interface

difficult, sand over
steel and steel over
sand behaviour is
measured

No end effects,
endless interface

Interaction be-
tween particles
and horizontal

boundaries

De Gennaro and Lerat (1999),
Corfdir et al. (2004), Dumitrescu
et al. (2009), Koval et al. (2011)
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shear tests.

In addition to direct shear testing, many researchers use modified simple shear interface test
devices. As for the direct shear, the simple shear device can be adapted easily from the standard
simple shear device to interface simple shear. The first use of this testing device was reported
by Uesugi and Kishida (1986). The results of direct shear test device and simple shear test
device are compared by Uesugi and Kishida (1986) (Figure 2.1). These studies indicated that
in a direct shear test, the response is softer than the interface simple shear. Most researchers
who used this kind of device highlighted the possibility of measuring the interface shear strain
separately from the global soil specimen behaviour (Uesugi and Kishida 1986). A special kind
of interface simple shear device was developed by Corfdir et al. (2004) and Koval et al. (2011).
In this type of interface shear test, the stress is applied via an annular confining cell.

The last major class of modified devices is the ring-shear test devices. Two different kinds are
differentiated. In the normal ring shear test, the bottom or top cap is replaced by an certain
interface disk e.g. Yoshimi and Kishida (1981), Tika-Vassilikos (1991), and Ho et al. (2011).
De Gennaro and Lerat (1999) developed a constant volume ring shear device. Both types of
devices can apply "infinite” shearing conditions to the soil-structure interface. Because the
sample is round, there are no inhomogeneities from corners or edges. A major disadvantage is
that the friction values are influenced by the side walls of the horizontal boundaries. Handling
the specimens (either coarse or fine-grained soils) is a challenging task.

The aforementioned types of interface shear test devices are common. More specialized devices
have also been constructed. For example, the axi-symmetric loading device by Coyle and Su-
laiman (1967), which similarly estimates skin friction for piles and anchors. Another test set-up
is the dual-shear test device used by Paikowsky et al. (1995). The data, construction details,
and the testing procedures are complicated with respect to the test results.

Interface shear testing is currently an important aspect in offshore geotechnical engineering.
Recent research has focused on the shear behaviour of marine sediments and clays at low normal
stress levels. Testing devices for this kind include the tilt table test (Najjar et al. 2007). This
testing methodology was developed to test the interface friction at geosynthetic-soil interfaces.
Najjar et al. (2007) adapted these technique for measuring the pipeline-soil interface friction.
More recently, the Cam-Tor device (Kuo et al. 2015) was developed. In this testing device, a
defined low shear stress can be applied by a top cap equipped with an interface, which is pushed
into the soil. The shear testing then is applied by a torsional force.

Hebeler et al. (2015) and Martinez et al. (2015) used a axial-symmetric shear test for torsional
and axial-symmetric shear conditions with textured defined rods. The study was performed
with a soil mixture of 1% powdered phenolic resin and 99 % soil. After the interface test, the
sample was heated, and the soil sample was conserved by the phenolic reaction. Using this
procedure, it was possible to measure the shear characteristics and the shear band thickness of
the soil specimens.

Other interface tests were conducted under temperature boundary conditions (Zhao et al. 2014,



2. Experimental modelling for soil-structure interfaces

shear stress ratio 7/0 [kPa]

Shear box test  Simple shear test

3.3 pm -e- 3.3 ym - |
18 pm - @ ‘ 19 pm o

0
0 02 04 06 08 1 12 14 16
displacement / sliding displacement [mm]

Figure 2.1: Comparison of direct to simple shear measurements (Uesugi and Kishida 1986)

Di Donna et al. 2015) and Yavari et al. (2016) or unsaturated interfaces (Hamid and Miller
2009, Hossain and Yin 2014a). Some studies revealed that chemical reactions influenced the
anchor-soil interfaces (Hof 2003, Hof et al. 2004).

A large-scale interface testing device was recently presented by Vogelsang et al. (2013). This
large scale interface testing device is used for the in-situ characterisation of the interface re-
sponse for monotonic and cyclic shearing into a granular material.

In addition, the device is of major importance for conducting tests taking into consideration

the adequate boundary condition.

2.3 Boundary conditions for soil-structure interfaces

The most important test conditions are the Constant-Normal-Load, Constant-INormal-Stiffness,
and the Constant-Volume (which is also described as Constant-Normal-Height by Di Donna
et al. (2015); Figure 2.2). More detailed information about the different conditions is given in

the following.

Constant-Normal-Load (CNL)

The most frequently used boundary condition for studying the interface behaviour (Potyondy
1961, Littleton 1976, Uesugi and Kishida 1986, Uesugi et al. 1988) is the Constant-Normal-
Load (CNL) condition. The constant normal load condition is characterized by a constant
normal stress acting normal to the interface (¢,, = 0). This common boundary condition is
adapted from the direct shear test methodology. In conventional direct shear tests, the soil acts
as a constraint to the soil-soil shear failure plane. The displacement in the normal direction of

the interface is 1, # 0. The boundary condition is shown in Figure 2.2a.

8
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Figure 2.2: Boundary conditions in the direction normal to the interface: (a) constant normal
stress, (b) constant volume, (c) constant normal stiffness (from Evgin and Fakharian (1996))

Constant-Normal-Stiffness (CNS)

Wernick (1978) studied the constant normal stiffness condition by investigating the discrepancy
between the high load that can be applied to anchors and the lower overburden pressure. This
boundary condition is important, especially for anchors and piles. The usage of this boundary
condition revealed the differences between observational data from field tests and data from
laboratory and small scale tests of anchors in sand. Wernick (1978) therefore introduced the
constant normal stiffness condition. Figure 2.3 illustrates the hypothesis with the shear band
thickness d, and the axial displacement at the interface u,.

The constant normal stiffness leads to a stress normal to the interface, which is :

Adjacent soll
(Idealized by springs)

Axial
displacement

S

Amount of dilation
= compression of springs

Initial State Strained State
Figure 2.3: Hypothetic model by Wernick (1978) for the aggregate interlocking at the interface
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Op = Ono — K&y, (2.1)

where o, and o0, are the current and the initially applied stress normal to the interface, K is
the constraint stiffness, and ¢,, is the strain normal to the interface. Wernick (1978) used the
cylindrical cavity expansion theory to deduce the stiffness K from the equilibrium condition
as:

= — (2.2)

where (G is the shear modulus at small strains and Rp is the radius of the pile or anchor. The
stiffness K can vary from K = 0 to oc.

Fioravante et al. (1999) named this behaviour “confined dilatancy”. Others researchers (Tabu-
canon et al. 1995, Fioravante et al. 1999, Fioranvante 2002, DeJong et al. 2006), showed that
the CNS condition is the most appropriate test boundary modelling the in-situ interface con-
ditions. Using a spring analogy, the soil acts as a confining medium. The spring stiffness itself
is K = constant. The rate of the normal stress and displacements are ¢, # 0 and u, # 0.
Further, Tabucanon et al. (1995) discussed that a good prediction of the frictional behaviour of
geo-structures depends on the effect of dilatancy. Ghionna and Mortara (2002) stated that di-
latancy is the governing phenomena for interface soil-structure behaviour. The only possibility

to apply the accurate in-situ condition is the CNS boundary condition (Figure 2.2b).

Constant-Volume / Constant-Normal-Height (CV / CNH)

The constant volume condition has a stiffness of K = oo, and the displacements are i, = 0.
Because of the restraint of the displacement, the stress at the interface in the normal direction
is ¢, # 0. This boundary condition is difficult to fulfil. As a result of the shearing motion, the
soil adheres to the upper and lower edges, thereby reducing the volume. Because this problem
occurs most of testing devices, it is better to refer to this condition as Constant-INormal-
Height (Di Donna et al. 2015). De Gennaro and Lerat (1999) developed a simple shear ring
test in which the constant volume condition is fulfilled. This test condition can be applied if
the behaviour of the soil-structure interface will be considered without any volumetric changes
in the normal interface direction (e.g. pile installation considering large deformations). The
boundary condition is shown in Figure 2.2c.

As mentioned above, the most frequently used condition was the CNL condition. Nowadays,
the CNS condition is used because the behaviour of interfaces is tested under conditions similar
to the in-situ conditions.

Costa D Aguiar et al. (2011) presented an overview of the consequences of these boundary
conditions. Figure 2.4 shows the stress paths of a simulation using varying boundary conditions.
It can be seen that the CV condition gives the highest shear stress 7, and normal stress o,
whereas the CNL condition gives the lowest shear stress 7, and a constant normal stress o,,.
The CV condition is often referred as the upper limit, and the CNL condition as the lower
limit with respect to CNS condition, which can vary in between (Costa D Aguiar et al. 2011).
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Figure 2.4: Influence of the different boundary conditions revealed by numerical interface sim-
ulations from Costa D Aguiar et al. (2011)

Beside the test conditions, the major influences is related to the relative soil density. The shear
mobilisation and the tendency of contraction or dilation is proportional to the elastic confining
stiffness K. The CNS condition can be stated as the intermediate case (Boulon and Nova 1990,
Costa D Aguiar et al. 2011).

Understanding these different boundary conditions is important for the verifying and validating

of the new proposed models in Chapters 5 and 6.

2.4 Key aspects of interface behaviour

The previous sections briefly introduce the testing devices/set-up that were developed as well
as the possible boundary conditions for interface shear testing. The aim of this section is to
provide a brief and comprehensive overview of the different phenomena that are important for
characterizing and modelling of fine- and coarse grained interfaces.

Potyondy (1961) concluded that interface behaviour is dominated by the following factors:
e Various construction materials: wood, steel, and concrete

e Different surface conditions: rough and smooth

11
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Figure 2.5: Interface behaviour and important factors for volumetric interface behaviour

(Nakayama 2006)

e Various types of soils: sand, clay, and cohesive granular materials
e Variation of the normal load between the soil-interface of the friction surfaces

Fioravante et al. (1999) summarized the following important influences of the soil-structure

interface behaviour in granular soils:
e Roughness of the surface
e Grain size
e Soil breakage
e Relative density of soil
e Constant normal stiffness K

The important influences for the soil-structure interface are visualised in Figure 2.5.

Surface roughness

Surface roughness has an evident role in the characterisation and the behaviour of soil-structure
interfaces. Potyondy (1961) stated that surface roughness influences the skin friction coefficient
of piles and anchors.

The surface roughness R, as introduced by Uesugi and Kishida (1986) is the maximum
roughness of a measured length L;;. With respect to soil type and soil mineralogy, it is important
to normalize the surface roughness using the mean grain size dsy. This approach was introduced

by Kishida and Uesugi (1987). Normalized roughness is defined as:

Rmax (LG = d50)
d50

R, = (2.3)

12
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where dsq is the mean grain size diameter and R,,,, is the maximum roughness at the surface
roughness over the gauge length of Lo = dso. A high value of the normalized roughness R,
indicate a rough surface, Uesugi and Kishida (1986) showed for example R,, values of 130.
Porcino et al. (2003) stated that the roughness of a surface is the most important factor for the
volumetric behaviour (contractive or dilative). DeJong and Westgate (2009) recently confirm
the results of previous researchers (Potyondy 1961, Kishida and Uesugi 1987) that the surface
roughness influences the peak stress as well as the distinctive post peak softening behaviour
in granular soils. This finding supports the hypothesis that the failure will take place inside
the soil mass if it has a rough surface. Hence, smooth surfaces encourage a failure directly at
the interface plane (for experimental evidence, see Tejchman and Wu (1995) and Hu and Pu
(2004)).

The effect of the local response was studied by DeJong and Westgate (2009). The local response
near to the structural interface shows that the magnitude of the overall strain is substantially
influenced by the surface roughness. For smooth interfaces, the shear and volumetric strain
is concentrated close to the interface. Strains develop within the first 0.5 mm of tangential
relative interface displacement (DeJong and Westgate 2009). In addition, it have to mentioned
that the strain mobilisation dependent at the mean grain size diameter d50. In contrast to this
behaviour, the soil particles at a rough interface lock and force the strain to evolve inside the
soil mass. Yasufuku et al. (2003) stated that the surface roughness is a good indicator of the
deformation at the interface from yielding until the residual state. The volumetric behaviour is
closely linked to the roughness of the surface. Uesugi et al. (1988) and De Jong et al. (2003) show
in microscopic and particle image velocity (PIV) measurements that the particles behave in two
different patterns: rolling and sliding. Smooth surfaces cause only sliding of the particles along
the surface, whereas rough surfaces cause both sliding and rolling of the particles. This sliding
and rolling with rough surfaces increases the peak behaviour of the soil-structure interface,
which is coupled to the dilation behaviour of the geo-structural interface.

Tehrani et al. (2016) conducted tests in a half-circular pile chamber to verify the effect of surface
roughness for model piles. They investigated the roughness of various sands and model piles.
Density and surface roughness considerably influence to the behaviour of non-displacement
model piles.

With respect to surface roughness, the major physical difference between fine and coarse grained
soils is that cohesive and frictional forces contribute to the shear and strength behaviour of
the interface. Littleton (1976) discussed that the influence from roughness asperities can be
observed with respect to the change of surface before and after the shear test. The clay particles
become clogged between the steel’s surface asperities. Littleton (1976) concluded that 10% of
the clay is clogged and that the shearing is governed by 90% of the steel’s surface. Lupini
et al. (1981) demonstrated that smooth surfaces lead to a sliding behaviour of the clay particle.
This behaviour is referred to as sliding shear failure. Tsubakihara et al. (1993) classified three

different modes of interface sliding. The first mode is shear failure, which occurs inside the soil.
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Figure 2.6: Idealized classification of interface shearing into three failure modes by Tsubakihara
et al. (1993)

The second consists of full sliding and shear failure at the interface, and third consists of a
mixture of mode 1 and 2 (Figure 2.6). The three modes are dependent on the critical surface
roughness in sand- and clay-steel friction. Tsubakihara et al. (1993) stated that the critical
surface steel roughness is 10 um. For clays with a high clay content, the residual shear strength
is mainly independent of the surface roughness (Lemos and Vaughan 2000). However, for smooth
surfaces, the interface shear strength resistance can be lower than the soil-soil residual strength.
Lemos and Vaughan (2000) highlighted that such smooth surfaces are unlikely to occur in
practical applications and that in clays with lower clay content, the presence of an interface
promotes sliding, which depends on the surface roughness in the same manner as sand-structure
interface shear. Rao et al. (2000) demonstrated that interfacial behaviour is more pronounced
by the surface roughness. In addition, Rao et al. (2000) showed that if the critical surface
roughness is reached, the interfacial friction angle is equal to the soil-soil (internal) friction
angle (Uesugi et al. 1988). The experimental studies by Rao et al. (2000) demonstrate that the
ratio between the interfacial and soil friction angles is independent of the over-consolidation
ratio.

Feligha and Hammoud (2015) performed direct shear interface tests with different textures of
the surfaces in shear direction and material surfaces. They reported that the materials have no
influence on the shear behaviour but rather on the surface roughness at the interface. The effect
of red-clay concrete friction was recently studied by Chen et al. (2015). For smooth interfaces,
the failure occurs on the soil-structure surface. Obviously, for extremely rough surfaces, the
failure takes place inside the soil mass. Furthermore, Chen et al. (2015) observed increased
dilation at lower normal stress with rough interfaces. This effect is caused by a highly compressed
clay matrix in the asperities at the surface. These contribute to the peak strength behaviour.
In addition, Chen et al. (2015) pointed out that the asymptotic shear strength behaviour is not
strongly influenced.

From these definitions, it can be seen that the mean grain size and the surface roughness are

connected.
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Figure 2.7: Definition of the maximum and average roughness compared to different coarse soils
by Uesugi et al. (1988)

Mean particle size

The mean grain size has an important influence with respect to the interface behaviour. Uesugi
et al. (1988) highlighted that the particle size and surface roughness are particularly important.
This dependence was validated by Fioranvante (2002) (Figure 2.7). The mean diameter ds, plays
a essential role for the shear band thickness. Potyondy (1961) and Kishida and Uesugi (1987)
verified these findings. The particle size is the important factor behind softening and hardening

behaviour in granular materials.

Soil relative density

Soil density is important for the volumetric behaviour of the interface. Yasufuku et al. (2003)
showed that increased density increases the interface friction angle. Uesugi et al. (1989) ex-
plained that the upper limit of the friction coefficient of the maximum shear stress ratio de-
pends on the relative soil density. Moreover, the volumetric behaviour of the interface is coupled
with the void ratios with respect to the initial, intermediate, and residual states. DeJong et al.
(2006) and DeJong and Westgate (2009) demonstrated the influence of the void ratio on stress
development in the surrounding soil, especially if cyclic loading is applied at the interface.

In general, it is apparent that density is a key factor predicting the deformation of the soil in
the interface zone. The influence of density is as important for interfaces as it is for soils.

In fine-grained soils the relative density does not have to be considered. The overconsolidation
ratio (OCR) is more important and must be considered instead of the relative density as in

granular soils.

Confining normal stress and stiffness

The stress and stiffness, which is confined to the interface, influences the behaviour of interfaces.
Hansen (1961) showed that vertical deformation in a shear box tests depends on the stress ratio
applied. The same hypothesis is true for interface shear tests. From the physic of the problem,
it is clear that the pressure that acts in the normal direction to the interface influences the
deformation.

The differences between the testing of CNL and CNS conditions was noted by Wernick (1978).
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Uesugi and Kishida (1986) mentioned that the relation between the applied normal stress and
the total plastic work is exhibited at the interface. Uesugi et al. (1988) reported that the total
plastic work increases by the same amount of shear deformation under higher normal stresses.
Evgin and Fakharian (1996) showed that the peak stress depends on the magnitude of the
normal stress. Dietz (2000) reported that with an increasing normal stress, the peak stress
ratio will decrease for a rough surface.

For fine-grained soils, there are similar relations between the confining stress and stiffness for the
shear behaviour of interfaces. Littleton (1976) showed that the peak behaviour in the CNL tests
he conducted depends on the mean effective stress that is applied. This was observed for drained
and undrained shear tests. In CV and CNL tests, Tsubakihara and Kishida (1993) demonstrated
that the peak and softening behaviour is influenced by normal stress. The overconsolidation
ratio influences the shear stress evolution (Rao et al. 2000). However, overconsolidation ratio
itself does not influence the interfacial friction angle.

There is therefore a relation between the normal stress applied and the pre- and post peak

behaviour.

Structural material

The structural material may have some influence with respect to the anisotropy of the surface.
Potyondy (1961) demonstrated that wood structural materials have an inherent anisotropy,
which depends on the shearing direction. Similar trends were observed by Zhang et al. (2010)
in gravel soil-structure shear tests. Zhang et al. (2010) illustrated the anisotropy and the in-
fluence of the granulometric properties of coarse grained soils. In addition, Zhang et al. (2010)
demonstrated that the identical behaviour exists in geotextile-soil interface shear. Zhang and
Zhang (2009) introduced the term “aeolotropy” for the anisotropic behaviour of interfaces.

Feligha and Hammoud (2015) pointed out that shearing of the interfaces in only one shear di-
rection does not influence the shear strength. However, shearing of the interface in two different

shearing positions influences the stress-deformation behaviour of interfaces.

Monotonic or cyclic loading paths

The stress path characteristic is an important issue for interfaces subjected to repeated loads.
Desai et al. (1985) stated that the amplitude of the cyclic displacement has only a small influence
on the interfacial behaviour. Evgin and Fakharian (1996) carried out simple shear tests on
dense silica crushed sand. These tests demonstrated that under increased cyclic loading there is
substantial degradation at the interface. Evgin and Fakharian (1996) and De Jong et al. (2003)
highlighted that the rate of this degradation is especially large in the first few cycles. By using
particle image velocity measurement De Jong et al. (2003) observed that the interface shear
zone contracts and dilates with shear reversals. In these tests, a compacted interface zone was
measured under cyclic loads.

Uesugi et al. (1989) showed that for the interface friction under cyclic loading at soil-concrete

interfaces, the same frictional envelope evolves as does under monotonic loading ( Figure 2.8).
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Figure 2.8: Comparison of monotonic and cyclic loading paths from Uesugi et al. (1989)

Vogelsang et al. (2013) also illustrated this behaviour for large-scale interface tests. In addition,
Uesugi et al. (1989) stated that for sand-steel friction, the residual coefficient of friction does
not depend on the applied stress path. These experiments showed that in the first cycle the
interfacial friction angle is different than interface sliding conditions. The interface friction angle
tends to the asymptotic interface friction angle in the forthcoming cycles. Mortara et al. (2007)
studied the cyclic stress path behaviour at sand-structure interfaces. Post-cyclic behaviour was
also investigated. The results indicated that for smooth surfaces, the shear stress will decrease
in the cyclic loading phase and does not recover in the post-cyclic phase. Mortara et al. (2007)
also stated that with increasing roughness, the cyclic degradation decreases, while the post
cyclic degradation increases.

For fine-grained soils, less attention has been paid to cyclic interface tests. Ovando-Shelley
(1995) carried out cyclic and monotonic interface tests on remoulded and natural clay samples.
By using a cyclic stress amplitude 7.,./7s > 1, they observed that a dynamic over-strengthening
lead to failure within the first cycle. This is contrary to the observation made in cyclic triaxial
testing with the same clay.

Desai and Rigby (1997) carried out marine clay-steel interface tests. These tests indicated that
under cyclic displacement amplitude, the interface shows high shear deformations near the
interface. Under cyclic shearing conditions, the influence to the soil appear to decrease with
increasing cycle number. In a very small thin-layer interface zone, the localization concentrated

is attached to the structural surface (De Jong et al. 2003).

Shear band thickness at interfaces

The importance of the shear band thickness at the interface is not yet fully understood. The
importance of shear band thickness is related to the importance of the modelling approach that
takes into account the shear band thickness at interfaces. The shear band thickness is also as a
zone of intensive shearing defined by DeJong and Westgate (2009).

The initial results indicated the thickness of the shear band indicated by Yoshimi and Kishida
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(1981) was nine times the mean grain size diameter dso. Tejchman and Wu (1995) conducted
tests using a plane strain shear device and concluded that the shear thickness is 6 x d5y for
smooth interfaces and 40 x dso at the interface with a loose sand. The thickness of the interface
at rough interfaces in dense sands has a range of 30 — 40 x d5o, Fioravante et al. (1999) used a
range of 2 — 10 X d5o as the interface thickness. More recent results from DeJong et al. (2006)
obtained by investigating the shear zone thickness in sands indicate a shear zone thickness of
5 — Tx particle diameter adjacent to the interface measured by particle image velocity mea-
surements. The shear band formation inside cemented specimens is more diffuse than in silica
sands. It can be hypothesized that the brittle behaviour and grain crushing in carbonate sands
have a major influence.
DeJong and Westgate (2009) conducted interface tests and divided the behaviour into two dif-
ferent zones based on their observations. Regarding these finding, the global behaviour outside
the shear zone is not considerably affected by the shearing and exhibits no volumetric changes,
whereas the local response and the thickness of the interface zone near to structural element
increase with increasing particle angularity, surface roughness, and relative density. A reduc-
tion of the shear zone thickness is observed for decreasing particle hardness, normal stress, and
stiffness. This leads to the conclusion that the particle hardness and the crushability of soils
are important factors (DeJong and Westgate 2009). DeJong and Westgate (2009) observed a
shear zone with a thickness of 0.1 ~ 9 X d5g and a dilation zone with a thickness of 1 — 12 X d5xq.
Ho et al. (2011) conducted large deformation interface tests in different configurations. The
interfaces underwent deformations up to 8 m. In these tests, the soil tended to crush, and the
crushed material concentrated in the shear zone; these ranged from 4 — 13 X d50. The total
upper limit of the shear zones was 5 mm.

Hebeler et al. (2015) and Martinez et al. (2015) used axial symmetric and torsional shear
devices to quantify of the influencing factors and verify some earlier assumptions. They tested

three different sands with respect of their particle angularity. The thickness of the shear band
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was influenced by the roughness. The critical roughness was not exceeded in these tests. These
findings are in contrast to internal shear zones. Hebeler et al. (2015) compared the soil-soil shear
band thickness with the interface shear band thickness and confirmed the hypothesis that the
thickness at the interface shear band is one half of that at the soil-soil shear band (Frost et al.
2004). The particle angularity and the interface shear band thickness do not effect each other.
Martinez et al. (2015) used the same techniques to gain additional insights into the shear zone
thickness and the shear zone interface behaviour and concluded that the shear zone thickness
is fully developed at very small displacements. They also carried out tests in torsional and
axial shear, under torsional shear, the zone influenced was 2 — 3 times larger than in purely
axial shearing. The shear zone thickness in torsional shear is ~ 6 X d50. The mirco-mechanical
hypothesis proposed by Martinez et al. (2015) is illustrated in Figure 2.9. The thickness of the
interface zone formed by the particle in axial shearing migrates along the interface, whereas in
rotational shearing, the particle migrate away from the interface. The mechanical hypothesis
confirms the particle behaviour in axial and torsional shearing reported by DeJong et al. (2006).
Tehrani et al. (2016) stated that the shear band thickness along non-displacement rough model
piles (R, = 0.26 and R,, = 1.14) embedded in dense to medium dense sands was 3.9 — 5.2 X dsx,
while the average shear band thickness was 3.2 — 4.2 X d5q. In their tests, shear zone or shear
band thickness could not be observed for smooth piles (R,, = 0.03).

For clay-concrete interfaces, the maximum thickness of the shear band is dy,u. = (7 ~ 8) dso
(Chen et al. 2015).

Fully and partially saturation at interfaces

Desai et al. (1985) and Desai and Rigby (1997) performed soil-structure interface tests under
fully saturated conditions using fine-grained soil the behaviour of a fully saturated soil differed
from the fully dry case.

Hamid and Miller (2009) discussed results for unsaturated interfaces. Unsaturated interfaces
are defined as interfaces adjacent to unsaturated soils. Hamid and Miller (2009) concluded that
at unsaturated interfaces, the post-peak shear strength is largely unaffected. As expected from
conventional unsaturated soil mechanics, the peak shear resistance is influenced by the mean
net stress and the applied suction values. Hamid and Miller (2009) also found out that the
adhesion intercepts were smaller than the cohesion intercept. The values for rough interfaces
were less than those for smooth interfaces. Hamid and Miller (2009) hypothesized that these
difference can be attributed to volume change behaviour and physical-chemical reactions at the
failure plane near by the structural surface.

Hossain and Yin (2012; 2014a) conducted tests with unsaturated soil-cement grout interfaces.
Coarse grained soil was tested under various different suction conditions. In contrast to Hamid
and Miller (2006; 2009), and Hossain and Yin (2014a) observed that the applied suction tend
to influence the post and pre-peak interface shear behaviour. This observation is reasonable
because particle movements destroy the water menisci between the