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ABSTRACT OF THE DISSERTATION

A study of saturated granular assemblages and its implications for transport, stress
propagation and failure in marine sediments
by
Nicolas Le Dantec
Doctor of Philosophy in Oceanography
University of California, San Diego, 2009

Grant B. Deane, Chair

The subject of small-scale marine sediment mechanics is an area of active
research, motivated by its key role in beach and shelf processes. Much of the existing
small-scale work has focused on two-phase flows and particle behavior at the sediment
interface, and their role in sediment transport and shaping seabed morphology. The study
presented here considers the behavior of unconsolidated sediments below the seabed, 100
to 1000 grain diameters deep. Motivated by field observations off La Jolla Shores Beach
that suggest dynamical behavior at such depths, a series of laboratory experiments were
conducted to study the behavior of unconsolidated, saturated granular assemblies. Careful
measurements of the apparent mass at the base of dry and saturated, glass beads pilings

were acquired to examine stress redirection effects. The experiment protocol included
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slowly lowering the piling base to achieve reproducible piling configurations through
wall friction mobilization. Results are analyzed using the Janssen and Oriented Stress
Linearity (OSL) models, the latter allowing interpretation of the arching behavior in
terms of arch direction and friction angle along arches. The data show qualitative
similarities between dry and saturated granular assemblies, suggesting a commonality in
their underlying physics, but quantitative differences in the intensity of the arching
mechanism, probably associated with lubrication effects. Analysis of the piling
quasistatic descent shows evidence of a progressive upward decompression punctuated
with dynamic piling reconfigurations interpreted as relaxation oscillations. Both features
are associated with spatial and temporal stress heterogeneities and have implications for
modeling the mechanics of granular assemblies. Granular matter theories are expected to
reproduce such observations occurring under minute deformations in these laboratory
experiments.

This work also describes a study of nearshore sediment accumulation and
submarine canyon morphology offshore La Jolla, using new seismic data and bathymetry.
Isopach maps of the sedimentary sequences overlying the bedrock reveal the critical role
of the tectonic landscape on the spatial distribution of modern stratigraphic units. A
detailed examination of the morphological characteristics of the Scripps and La Jolla
canyons refines the relationship between canyon location and development and regional
tectonic deformation, and provides insight on the stability of unconsolidated, saturated

marine sediments.
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CHAPTER 1: Introduction



BACKGROUND AND RATIONALE

This thesis is motivated by the study of marine sediment mechanics. The
mechanics of marine sediments impacts nearshore and shelf processes from beach
erosion and ripple formation to submarine slope failure and turbidity currents. Surf zone
and swash zone dynamics, cross-shore and alongshore transport, changes in beach
profile, long term dispersal and accumulation are all examples of processes that are
closely related to the mechanics of marine sediments throughout their life cycle on the
shelf, between input from river discharge, cliff erosion or offshore supply, and transport
off the shelf. The small-scale physics controlling the behavior of marine sediments is an
element common to all of these processes, and is thus of central importance for
understanding coastal and shelf processes.

The field of sediment dynamics has a long history, extending back well over half
a century. A significant body of work consisting of laboratory flume and field studies,
theoretical work and modeling, has been undertaken to better understand the complex
relationships between hydrodynamic forcing, sediment transport and seabed topography.
Much of this work has focused on the characterization of the bottom boundary layer
through which fluid flow influences the seabed, the determination of the conditions of
deposition or erosion, the description of the modes of entrainment, the detailed resolution
of the overlying hydrodynamics and the assessment of transport rates and morphological
changes in the seabed. Results obtained thus far underline the need to account for the

small-scale variability of the hydrodynamics, sediment properties and granular effects



like particle sorting, and feedbacks between flow pattern and bed morphology. Due to the
great spatial and temporal variability of the processes involved, a comprehensive,
deterministic description of sediment transport is not available at this time. In addition,
the required level of resolution goes beyond current capabilities of computer simulations.

Taking a broader perspective, the mechanics of marine sediments involves a
delicate equilibrium constantly adjusting in response to the interactions between a
number of processes: geological, physical, chemical, biological. For example, geological
processes acting over long time-scales affect the regional morphology and stratigraphy of
the nearshore environment, such as the evolution of the shoreline and sediment
accumulation patterns. At smaller scales, studying sediment mechanics requires
knowledge about the microscopic physics of grains that compose beach sediments, thus
leading to the research subject of granular matter.

The degree of understanding of the sedimentary processes that contribute to
making and shaping the nearshore environment is variable. For instance, much is known
about the physical oceanography and hydrodynamics of the shallow water area. But if
marine sediments mechanics can be described as the study of the interaction between
fluid and sediment particles, a question comes to mind: What do we know about
unconsolidated, saturated granular matter?

Granular systems are very familiar to many people, from sandcastles on the beach
to pictures of desert dunes or headlines about devastating landslides. Yet, there are many
poorly understood and even unexplored behaviors, which makes the field of granular
matter be the subject of intense theoretical and experimental research efforts, both in the

engineering and physics communities. The complexity of granular media originates in



physics at the scale of individual grains, including contact friction, intergranular forces
and packing geometry. Because of their intrinsic spatial and temporal heterogeneities,
which stem from spatial disorder, and of the ineffectiveness of Brownian diffusion,
microscopic properties of granular systems give rise to collective behaviors that affect
their macroscopic response. As a consequence, granular matter exhibits hysteresis in
several respects, such as the internal structure resulting from their formation, memory
effects affecting their response to subsequent perturbations and the co-existence of solid-
like and fluidized phases. The coupling and distribution of jammed and fluidized regimes,
the effects of geometrical properties of individual grains, such as shape or roughness, the
role of intergranular forces, like adhesion, cohesion and interlocking, relationships
between static and dynamic heterogeneities and arching mechanisms are open issues.
Several theoretical descriptions of granular matter mechanics exist, some using classical
approaches and others, more recent, based on more unconventional views, but none is
entirely satisfactory. In addition, most of the research effort has been concentrated on dry
granular systems, with limited attention to saturated granular materials. Little is known
about the effect of saturating granular assemblies on the typical behavior of dry granular
matter and few experimental observations are available.

Note that throughout the dissertation the term arching is used to refer both to the
concave, arch-like granular formations that have been identified within the internal
structure of small-scale granular systems and to the redirection of the stress transmitted
through a granular assembly, i.e. their anisotropy, which may be associated with such
arches. As defined in soil mechanics, arching normally involves localized yielding, i.e.

plastic behavior, in addition to stress transfer. In other words, the standard denotation of



arching relates to heterogeneity or localization of load transfer around yielded zones, thus
possibly making my usage of arching a priori improper. However, notwithstanding the
fact that there is no conclusive evidence that granular arches play a role in stress
deflection within the bulk of granular systems (more generally, the related question of the
transition between microscopic and macroscopic properties of granular materials remains
unclear), it is possible that they correspond to loci where the material is at the limit of
plastic yielding. Experimental observations supporting this possibility are presented (see
the discussion at the end of chapter 2) and a theoretical approach that relies on this
hypothesis is examined (see chapter 3), both motivating the perhaps bold choice for the
meaning of arching adopted here. Admittedly, the experimental set-up used to conduct
the core, laboratory study of the dissertation (see chapter 2) does not allow direct
observation of granular arches. However, they have been consistently reported in other
studies using various observation methods. In addition, high-speed, high-resolution
photographic data acquired during both tank and field experiments confirm the presence
of granular arches (see in chapter 5 the difference-images showing individual grain

motion on video frames that contain approximately 100 grains across the field of view).

OVERVIEW OF PROJECTS

For my Ph.D. dissertation, I have undertaken a study of saturated granular matter
in a marine context. Consistent with the afore-mentioned complexity of granular systems
and broad variety of marine sedimentary processes that it is relevant to, I have completed

a number of projects. My work includes field and laboratory experiments, analytical and



numerical modeling, and interpretation of bathymetry and stratigraphic data. I started
with an observational study of sediment dynamics at shallow depths (about ten
centimeters) below the seabed near the Scripps Pier. I designed multiple sensors for
mechanical measurements in saturated sediments, tested and calibrated them in the
laboratory, and planned and executed field deployments of the integrated sensor package.
Motivated by the observation of dynamic sediment behavior 100 to 1000 grain diameters
below the seabed, I then conducted a series of laboratory experiments with the objective
of studying stress redirection effects in saturated, unconsolidated, granular assemblies.
This project required designing an original laboratory apparatus, testing and refining the
set-up and measurement protocols to achieve the sensitivity and reproducibility necessary
for meaningful conclusions, and carrying out a detailed analysis of the mechanical
response of the entire system to accurately define the piling behavior. The results of these
experiments have been interpreted within selected existing theoretical frameworks.

In addition to the work focusing on the small-scale behavior of saturated
sediment, [ also participated in a study on nearshore sediment accumulation and
submarine canyon morphology offshore La Jolla. The analysis and interpretation of
Compressed High Intensity Radar Pulse (CHIRP) seismic data and high-resolution swath
bathymetry revealed the role of tectonic deformation in defining and shaping the
nearshore environment, including the distribution of modern sedimentary units overlying
the bedrock and the location and development of the Scripps and La Jolla canyons. This
study confirms the need for a detailed understanding of the geologic framework when

examining long-term sediment distribution on the shelf.



CORE STUDY ON SATURATED GRANULAR PILINGS

The experiments on granular pilings, consisting in measuring the apparent mass at
the base of a granular assembly confined in a cylindrical container, constitute the central
component of this thesis. Here, the term apparent mass is used for consistency with most
recent studies. The purpose was to identify a granular system that could provide
convincing evidence that the observations and concepts developed in the study of dry
granular matter are relevant and applicable to saturated granular assemblies. In particular,
the occurrence of arching effects associated with the existence of force chains has been
tested using models that quantify arching intensity, thus allowing direct comparisons
between dry and saturated granular piling mechanics.

The choice of the piling configuration was motivated by the fact that it is a well-
known example of a granular system in which spatial heterogeneities and arching
significantly affect macroscopic behavior. The silo is a conventional geometry that has a
long history of study, primarily because of its application to industry. This problem has
received much attention, starting with the Janssen model (the first to describe the mass
shielding effect more than a century ago), pursued with numerical models of stress
distribution aimed at improving silo design, and continuing with recent laboratory
experiments, performed with carefully controlled protocols providing repeatable data and
insight into granular mechanics.

The piling configuration offers some advantages over other commonly
investigated geometries, such as the sandpile or the response of a granular layer to a point

load. Because of the obvious need for saturated granular assemblies to be studied in



immersed conditions, the requirement of a single macroscopic measurement of the mass
over the entire piling base seemed more practical than smaller scale, higher resolution
pressure measurements needed in the other two cases. An additional advantage is that, for
the scenario where an overweight of appropriate mass is added at the top of the piling, the
variation of apparent mass at the base of the piling with piling height provides a stringent
test for candidate models of granular behavior.

The theoretical analysis uses the Janssen and the Oriented Stress Linearity (OSL)
models. The Janssen model, which is retained both for its wide utilization and its
simplicity, serves as a basis for a preliminary interpretation of the measurements. The
Oriented Stress Linearity (OSL) model is chosen for further analysis on the grounds that
its proposed approach provides a quantitative assessment of the stress propagation
properties at a granular scale and also because of its ability to predict the overshoot
observed for overweight pilings. The limitations of these two models are discussed. Other
standard soil mechanics models exist that use the framework of elastoplasticity with
selected yield criteria. Such theoretical approaches, among the most basic examples of
which are the Coulomb method of wedges and the method of characteristics, are not
persued in this dissertation.

The piling experiments show that saturated granular assemblies exhibit essentially
the same physics as dry assemblies, i.e. in the case of pilings the physics includes stress
redirection effects, dynamical rearrangements under forcing, and the influence of the
packing ratio of pilings on arching intensity. However, observed quantitative differences
between dry and saturated assemblies suggest that lubrication effects have an impact on

arching mechanisms. In addition, the results presented here confirm the need to



characterize the internal friction angle, which is associated with the rheology of the
material, as it is not equivalent to the repose angle, at least in the unconsolidated
assemblies studied here. Finally, the experiments have implications for modeling granular

systems, as they show significant departure from elastic regime behavior.

IMPLICATIONS FOR MARINE SEDIMENTS

The experiments on saturated granular pilings have implications for the small-
scale mechanics of marine sediments, where one would expect arching mechanisms and
stress fluctuations to occur at least in non-cohesive sediments. The commonality of
behavior between dry and saturated pilings suggests that some of the same processes
identified in laboratory studies of granular materials could be inferred to impact small-
scale, marine sediments mechanics, consistent with the preliminary field observations of
dynamic sediment behavior below the seabed. This thesis study prompts to examine
possible coupling effects between interstitial seawater and the granular phase in upper
seabed sediments, such as dynamic rearrangement of the heterogeneous structure of the
sediment assembly due to its interaction with pore fluid flow.

Additionally, the work on the small-scale mechanical behavior of unconsolidated,
saturated granular assemblies may have relevance for large scale sediment dynamics. A
better understanding of mechanisms for microscopic yield phenomena associated with
dynamical rearrangements at the granular scale may provide insight on precursors and
triggering factors in larger sliding events such as submarine slumps or avalanches. The

idea of an effective internal friction related to arching mechanisms, and thereby failure
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mechanisms, may shed light on the development of incisions into modern unconsolidated
sediments at the edge of the Scripps canyon, the shape of which indicates that slope
stability is not primarily governed by repose angle. Also, if there is a relationship
between the mechanical behavior of marine sediments at the seabed interface and the
small-scale physical processes inferred to occur in the upper seabed, then knowledge of
the geological landscape, i.e. specifically the sub-bottom lithology, may be central to
certain nearshore processes. For example, the occurrence of bedrock or consolidated
substrate at shallow depth below the seabed may affect the response of overlying
sediments to hydrodynamic forcing, while their presence may not be advertised in the
sole topography unless they are outcropping. This effect may have significance for

scouring mechanisms as well.

OUTLINE OF THE DISSERTATION

The organization of my dissertation is as follows. The second and third chapters
respectively consist of the laboratory measurements of the apparent mass at the base of
dry and saturated pilings, and their interpretation using models for stress propagation and
arching mechanisms. In the fourth chapter, I present the results of the seismics study
offshore La Jolla showing tectonic controls on nearshore sediment accumulation and
submarine canyon morphology. The last chapter is a brief account of the field
measurements of shallow sediments dynamics with a description of the developed

sensors and preliminary observations.



CHAPTER 2: Measurements of the Apparent Mass at the Base
of Water-Saturated Granular Pilings
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ABSTRACT

Stress redirection effects within dry and saturated granular pilings are investigated
through measurements of the apparent mass at the base of the piling. Pilings were formed
from 1 mm diameter spherical glass beads confined in an acrylic column 100 grain
diameters across and 500 grain diameters tall. Mobilization of the wall-to-grain friction
was controlled by slowly lowering a plate attached to a load cell at the base of piling. The
mass shielding observed in confined pilings and the mass overshoot observed in pilings
supporting an overweight were reproduced in this study in both dry and saturated pilings,
suggesting that the physical processes underlying the mechanical behavior of non-
cohesive, dense granular pilings are essentially the same whether or not they are
saturated. These results support the relevance of the theoretical framework and
conceptual tools developed for dry granular systems to the study of liquid-saturated
granular media, which are important for geophysical problems such as sediment transport
and slope failure. Saturating a dry piling was found to increase the mass shielding length.
The shielding length of saturated pilings was also found to be dependant on the grain
packing ratio, which was sensitive to the piling formation procedure. Analysis of the
relaxation response of the load-cell and piling system shows evidence of a progressive
upward decompression of the piling associated with wall friction mobilization and

punctuated with dynamic piling reconfigurations that I interpret as relaxation oscillations.
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INTRODUCTION

Granular matter, also referred to as particulate or divided media, is ubiquitous,
from sand grains and snow flakes in the natural environment to powders and granulates in
the food, pharmaceutical and chemical industries, and is relevant to the fields of civil
engineering, materials science, and geophysics (Brown and Richards 1970; Bagnold
1988; Jaeger et al. 1996; de Gennes 1999; Duran 2000; Hutter and Pudasaini 2005). The
storage, transport and processing of granular materials represents a significant cost
(Jaeger et al. 1996; Duran 2000). Gains in efficiency concerning the filling, storage and
discharge of granular materials in silos and other vessels, based on a better understanding
of granular pilings, would provide significant economic benefits. The behavior of
saturated granular matter, such as marine sediments, also has important applications.
Avalanches and the erosion, transport and deposition of sediments have high societal
impacts (Beatley et al. 2002). Slope failures and landslides, whether aerial or submarine,
are a danger for large populations (Masson et al. 2006; Lykousis et al. 2007). The
shoreline evolution, driven by littoral zone processes, is of considerable interest given
that roughly a third of the world population lives within 100 km of a coastline (Cohen et
al. 1997). However, current models do not adequately account for the wide range of the
macroscopic behaviors observed in dry and saturated granular systems, and
improvements would benefit engineering practices and policies.

Granular systems exhibit a broad range of complex features. They show hysteresis
phenomena, including stick-slip dynamics, shear zones, and instabilities, which occur

because fluidized or solid states can co-exist with a jamming transition between the two
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phases (Jaeger and Nagel 1992; Albert et al. 2000; Mueth et al. 2000; O'Hern et al.
2003). Granular systems also show memory in that they are sensitive to their formation
history (Vanel et al. 1999; Duran 2000; Josserand et al. 2000; Toiya et al. 2004), and
arching effects (Duran et al. 1994; Bouchaud et al. 1995; Duran et al. 1998; Claudin
1999; Duran 2000; Ogale et al. 2005). All these behaviors arise from the microscopic
physics of grain-to-grain contacts, such as the indeterminacy of frictional contacts, the
heterogeneity of intergranular forces, and the role of the coordination number, or number
of touching neighbors per grain (Mueth et al. 1998; Radjai et al. 1998; Behringer et al.
1999; Longhi et al. 2002; Silbert et al. 2002; Kolb and Clement 2005). Constitutive
equations remain to be found that can account for microscopic granular physics and, at
this time, granular matter modeling is a topic of major debate.

Granular matter theories developed in the classical field of soil mechanics using
the mathematical framework of elasticity and plasticity generally rely on complex closure

equations relating the stress (o) and strain (&) fields (Feda 1982; Wu et al. 1996;

Lubarda 2002). The lack of a physical basis for the multiple parameters involved hinders
the interpretation of numerical solutions. Alternative models have been developed for the
rheology of slow, dense granular flows, topic which motivates vast, on-going research
efforts (Clement 1999; Pouliquen and Chevoir 2002; Volfson et al. 2003; MiDi 2004; Jop
et al. 2006; Goyon et al. 2008; Jiang and Liu 2009). In the case of static granular
systems, models for the stress distribution within assemblies that are based on the discrete
and fragile nature of granular matter have been proposed recently (Bouchaud et al. 1995;
Coppersmith et al. 1996; Cates et al. 1998b,a; Otto et al. 2003), resulting in some

controversy. Questions regarding the range of scales over which such models are relevant
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and the pertinence of the approach consisting in modeling the propagation of stress
within granular assemblies are not yet settled (Savage 1998; Geng ef al. 2001; Luding
2005; Atman et al. 2009).

The main focus of this work is the behavior of saturated granular pilings, a subject
that has received relatively little attention. The consequences of water saturation are not
always intuitive (Hansen et al. 2001; Daerr et al. 2003; Rousseaux et al. 2004). The
presence of water in the pore medium modifies intergranular friction and cohesion forces,
resulting in particular effects that are the subject of recent studies (Geminard et al. 1999;
Lesaffre et al. 2000; Losert et al. 2000; Samadani and Kudrolli 2001; Bocquet et al.
2002; Gayvallet and Geminard 2002; Van Damme et al. 2002; Duong et al. 2004; Jain et
al. 2004; Cassar et al. 2005; Loiseleux et al. 2005; Divoux and Geminard 2007; Philippe
and Richard 2008). The grain-to-grain friction is affected by water at intergranular
contacts, through lubrication and, in dynamic conditions, viscosity and fluid-particle
interactions. Although liquid bridges create cohesion in partially saturated assemblies
(Bocquet et al. 2002), causing dramatic changes in properties such as the repose angle
(Samadani and Kudrolli 2001), fully immersed granular matter generally has weak
cohesion unless particles are sufficiently fine.

The apparent mass (Vanel and Clement 1999; Vanel et al. 2000; Bertho et al.
2003b; Ovarlez et al. 2003; Bertho et al. 2004; Tixier et al. 2004; Ovarlez and Clement
2005; Liu et al. 2009) at the base of a confined granular piling is a conventional
measurement, which shows shielding of the mass after a certain depth of material poured
in the column, i.e. the apparent mass reaches an asymptote for tall pilings. The deviation

from lithostatic behavior, first reported by Roberts, Janssen and Lord Rayleigh (Duran
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2000; Sperl 2006), is caused by the redirection of the vertical stress within the granular
bulk, in the direction normal to the sidewalls, and the static friction at the walls, which
support an increasingly large fraction of the piling mass. Grains at the piling base are
subject to the mass of overlying grains only within the shielding length, also called the
screening length.

Despite the significant number of existing theoretical and experimental studies on
the subject (Cowin 1977; Nedderman 1992; Boutreux et al. 1997; Claudin and Bouchaud
1997; Evesque and de Gennes 1998; Wood et al. 1998; Vanel and Clement 1999; Masson
and Martinez 2000; Vanel et al. 2000; Bertho et al. 2003b; Landry et al. 2003; Ovarlez et
al. 2003; Bertho et al. 2004; Landry and Grest 2004; Tixier et al. 2004; Ovarlez and
Clement 2005; Abdel-Fattah et al. 2006; Brauer et al. 2006; Matchett 2006;
Niedostatkiewicz and Tejchman 2007; Rahmoun et al. 2008; Liu et al. 2009), the silo is
an example of a granular system for which the behavior has been long-known, but for
which there is no model providing an exact description of the granular piling response.
On one hand, the pioneering work by Janssen resulted in an ad-hoc model for the stress
redirection effect, model which is also called the method of differential slices
(Nedderman 1992). Although the Janssen model is based on a simplified view of the
piling mechanical response (de Gennes 1999; Duran 2000) and only provides a lower
bound for the apparent mass (Cowin 1977), its robust reproduction of the shielding effect
has contributed to its long-lasting success. One of the limitations of the Janssen model is
the lack of a strain-stress relationship since, although the stress field is considered
continuous, deformation is not incorporated into the model. The recent OSL model,

which involves a refined constitutive equation, derived from the concept of force lines as
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preferred directions of yield and stress propagation, is an improvement over the
performance of the Janssen model, even though it also lacks a stress-strain relationship
(Bouchaud et al. 1995; Claudin 1999; Vanel et al. 2000). On the other hand, continuum
models based on the theory of isotropic linear elasticity have been applied to the
geometry of the silo. They provide a description for the piling deformation but the
solution is incompatible with the rigid plate at the base of pilings encountered in
laboratory experiments and full size silos, and the derivation is valid only in the limit of
tall pilings (Evesque and de Gennes 1998; Ovarlez and Clement 2005). Although these
approaches are fundamentally different, yielding a system of equations that is hyperbolic
for the former and elliptic for the latter, they result in the same equation for the apparent
mass as a function of the poured mass. In fact, the Janssen model is designed to encode
stress redirection in a fashion similar to basic treatments of the load on retaining walls
using the earth-at-rest coefficient, while an elastic cylindrical body confined in a column
of the exact appropriate size will show stress redirection as vertical compression results
in lateral expansion against the walls of the fitted column. Since granular pilings exhibit
lateral stress deflection, both models are equally able to reproduce the measurements,
each expressing the shielding length in function of parameters specific to their respective
modeling framework. Both models are unable to predict the piling behavior in the
conditions of yield, i.e. failures.

Two refinements of the typical silo experiment have been introduced over the last
decade. First, the mechanical response of the piling when an overweight is placed at the
top surface has been identified as a strong test for granular matter theories (Vanel ef al.

2000). In particular, when the overweight mass is approximately equal to the free-surface
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asymptotic mass, the apparent mass at the base of the overweight piling exhibits an
overshoot (Ovarlez et al. 2003). Candidate models for granular matter can be assessed by
their ability to reproduce the peak, which is especially useful when other features like
mass shielding and even other conventional experiment configurations are not
sufficiently discriminatory to make model comparisons (Geng et al. 2001). The Janssen
model does not predict the overshoot (Nedderman 1992; Vanel et al. 2000). The OSL
theory captures the peak but as the first of a series of oscillations arising from the
propagative nature of the model and which are not observed in measurements, possibly
because they are diffusively damped (Bouchaud er al. 1995; Claudin 1999). Elastic
theory predicts an overshoot but with an error over 10-fold on its amplitude, unless an ad-
hoc piling division separating two sections with different anisotropies is introduced
(Ovarlez and Clement 2005).

The second improvement consists in displacing the piling relative to the column
walls to mobilize wall friction, which is central to the apparent mass measurement at the
piling base because the degree of mass shielding resulting from lateral stress deflection
within the granular bulk is contingent upon wall friction mobilization. Experiment
procedures allowing the application of boundary conditions, whether by lowering the
load cell base or by lifting the walls, were introduced in a few recent studies, yielding a
more uniform, better-determined wall-to-grain friction mobilization (Vanel and Clement
1999; Bertho et al. 2003b; Ovarlez et al. 2003; Bertho et al. 2004; Liu et al. 2009). For a
sufficiently slow boundary velocity, the piling can be regarded as quasistatic, i.e. changes
in the piling state, reflected in the mass measured at the base of the piling, occur on

sufficiently long time scales that they can be resolved by the load cell. Such protocols,
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together with careful data analysis procedures (Claudin 1999; Vanel et al. 2000), provide
an opportunity to acquire reproducible measurements in the column configuration.
Obtaining reproducible data is particularly difficult in the case of granular matter
experiments because the properties and behavior of assemblies are related to their
construction history. Numerous studies on granular silos conducted with different
protocols and over a range of environment conditions illustrate the importance of the
method adopted for piling formation and the influence of external constraints exerted on
the granular assemblage (Vanel er al. 1998; Vanel and Clement 1999; Ovarlez and
Clement 2003; Tixier et al. 2004). In the absence of consensus on theoretical approaches
for modeling the mechanical behavior of granular materials, the reliability and
significance of some of the existing datasets has been questioned (Cowin 1977; Brauer et
al. 2006).

The objective of this study is to investigate the effect of saturation of granular
pilings. The apparatus and protocol were validated by acquiring a dataset for dry grains,
taking the opportunity to reproduce prior results from existing literature, including the
shielding effect as well as the overshoot feature. Water saturated pilings were formed
following two different immersion protocols. The organization of the paper is as follows.
First the set-up and protocols are described, detailing some technical solutions required to
obtain satisfactory measurement resolution and ensure consistency of the pilings. Then
the piling response to the load cell base descent is analyzed in details to define the
conditions of the measurement of the apparent mass. Results for the piling apparent mass
are presented, including the shielding behavior, the influence of the packing ratio and the

occurrence of an overshoot in the case of saturated columns. The effect of the pore water
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on intergranular contacts and stress distribution in the piling is discussed, with a focus on
the stress redirection effect within the granular bulk, which is quantitatively analyzed
using the Janssen model. Final thoughts are given on the mechanical behavior of the
piling during the descent.

Concerning the terminologys, it is useful to mention that the phenomenon of stress
redirection or lateral deflection has been referred to as arching in recent studies on the
stress state of granular systems (Bouchaud et al. 1995; Claudin 1999; Ogale et al. 2005;
Garcia and Medina 2008). Yet, such usage of the term arching is not entirely in
conformity with the typical meaning of arching in soil mechanics, which involves
localized yielding, i.e. plasticity, in addition to stress transfer, the transfer being from the
yielding mass of soil onto adjoining stationary parts (Terzaghi 1943; Didwania et al.
2000). The theoretical approach used in this chapter only assumes the granular material to
be at the limit of slippage along the sidewalls, without further constraint other than
stability on the stress state within the bulk (see section 2-6.1). Therefore, the term arching
will only be used when discussing the formation of granular arches and their role in the
mechanical response of the piling to the load cell base descent (see section 2-6.6.2 on a
tentative interpretation of the observed relaxation-oscillations). For completeness, it is
interesting to note that the only theory of arching to be reproduced in Therzaghi’s treatise
on soil mechanics (Terzaghi 1943) is in fact based on the method of differential slices.
His selected example, the yield of a section of horizontal support, is solved with the
assumptions of vertical sliding surfaces above the yielding strip and constant ratio of
horizontal to vertical, normal stresses within the in-between fill. The problem at hand in

his chapter dedicated to arching therefore becomes virtually the same as that of the
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vertical stress at the bottom of a silo. Admittedly, ample cautionary remarks are provided

regarding the erroneous assumptions on which such a solution relies.

METHODS

Description of the column apparatus

The experiment consists in measuring the weight at the base of a granular piling
in a configuration similar to silos or bins. The grains were poured into a laterally-
confining cylindrical column (Fig. 2-1). The top of the granular assembly was either left
as a free-surface boundary or loaded with a cylindrical overweight placed after the grains
were poured. The bottom of the piling was supported by a piston that fits inside, but is
not mechanically connected to, the column (Fig. 2-1A). The aluminum piston was
anodized to avoid corrosion problems. The force exerted on the piston was measured with
a submersible load cell (LC, jr S-beam model QLA150 by Futek) attached to the bottom
of the piston. The base of the load cell was attached to a nut that was vertically driven by
a brass, micrometric screw (MS). The screw was connected to a computer-controlled,
optically-encoded stepper motor through a gear box (MG). Dampers were installed on the
gear train so that the piston was decoupled from motor vibrations.

The choice of the piling base descent velocity is known to have a strong influence
on the piling behavior, at least for dry pilings (Vanel and Clement 1999; Bertho et al.
2003b; Ovarlez et al. 2003), especially at extreme levels of humidity (Bertho et al. 2004),
and thus impacts the interpretation of the mechanical response of the piling. The descent

velocity was set at 1.7 micrometers/s, corresponding to a steady, quasistatic regime. No
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significant velocity-sensitivity is expected at the prevailing relative humidity range (37%-
43%). The initial acceleration was slow, about 7.65 micrometer/sec’, to avoid major
piling rearrangement when starting the descent. A steady descent velocity was reached
after 0.22 sec, corresponding to a displacement of about 0.2 micrometers. The load cell
stiffness needs to be chosen with care (Tixier et al. 2004). With a stiffness of 8.8 10/
N/m, the load cell was notably more compliant than the piston and the screw,
significantly less compliant than the piling, and sufficiently compliant to distinguish the
different phases of the piling response to the load cell base descent (see section 2-4.1).

The grains used are non-cohesive, non-coated, 1| mm diameter soda-lime glass
beads (manufactured by GlennMills), with a density of 2.53 g/cm’ and 95% sphericity.
They are slightly polydisperse with an actual size distribution ranging from 0.8 mm to 1.2
mm (Fig. 2-1B). The finite size and the shape dispersion of the grains tend to create
disorder in the packings, avoiding ordered piling configurations that can have different
mechanical properties (Geng ef al. 2001).

The column is a transparent cast acrylic tube of approximately 6.5 mm wall
thickness and 10 cm inside diameter. The ratio of grain to column diameter was 1:100,
which is much smaller than in actual granular systems such as grain silos for instance, but
also larger than in recent laboratory studies on confined piling (see (Vanel and Clement
1999; Ovarlez et al. 2003; Liu et al. 2009) for example). The use of cast acrylic ensured
sufficient tensile strength to keep mechanical deformations small (about 2 nm of radial
deformation at the exerted pressure). The column inside wall was machined to a round
section within 25 micrometers. The inner wall was sanded in order to remove the

machine-induced grooves and obtain a homogeneous roughness. The working height of
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the column above the piston is about 1 m. Three rods connected the top of the column to
the base of the apparatus to provide mechanical stabilization. A self-lubricating Teflon
ring (TR) was attached around the top of the piston (Fig. 2-1), leaving a 200 micrometer
gap between the edge of the ring and the inner wall of the column, which provided
sufficient space to allow the piston to self-adjust for vertical movement while preventing
grains from slipping past the ring.

The whole apparatus is water-tight owing to an o-ring (O-R) seal between the seat
and the flange at the bottom of the column (Fig. 2-1A). The water was transferred in and
out of the column through a 3 mm hole (H) located at the very bottom of the column,
below the load cell. Hence, for experiments on liquid-saturated pilings, the entire column
was immersed, including the load cell. The measured mass at the base of liquid-saturated
pilings corresponds to buoyant conditions, i.e. not accounting for the contribution from
hydrostatic pressure. Fresh water was used in all liquid-saturated runs.

All mechanical parts were free of metal polish or a finishing coat to avoid
contamination of grains with surfactants or chemical compounds. This point is critical as
grain-to-grain friction directly depends on surface properties. During initial experiments,
not shown in this paper, a very large drift, up to 50%, was observed in the measured
mass. Precise measurements of the surface tension of water in which samples of grains
used in experiments had been stirred showed a reduction in surface tension, which was
getting more significant with grain usage. Values around 60 mN/m were measured,
compared 72 mN/m for the control water sample. This suggested a progressive

contamination of the grains. The source of the surfactants was identified as the metal
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finish of the pail used to pour grains, which was then eliminated and the experiment
started over.

The apparatus was tested and, when required, improved to ensure that its
sensitivity was sufficient to resolve the characteristic features of the measured mass at the
piling base. System properties, such as static friction between the self-adjusting piston
and the column wall in the dry case, electric noise induced for example by random phase
lags in the position of the poles of the coil in the motor at rest, and load cell drift were
investigated and mitigated. In order to obtain a baseline voltage characteristic of the
column without a piling but otherwise in the same conditions as when measuring the
piling mass, the load cell output was recorded at the beginning of each run before pouring
the grains and while lowering the load cell base. Subsequent readings were taken in
reference to this value. The final linearity and repeatability of the measurement system
were respectively within 2 g over the 1 kg experiment range, and between 2 g at the 50 g
low end and 10 g at the 1 kg high end of the experiment range. These measurement errors
are significantly less than the measurement fluctuations caused by random realizations of
pilings from run to run (see Fig. 2-8A and section 3.6) and of the same order as the
weight of a horizontal slice of dry piling with a thickness of 1 grain diameter (13 g).
Other sources of measurement error, wear and electrostatic charges on grains, are

discussed in section 2.2.2.

Data acquisition protocol

Overview of the dataset
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A data point consists of ensemble measurements, which improves the
reproducibility of the experiment results by reducing the run-dependant variability of
piling configuration. One run corresponds to pouring a known mass of grains in the
column and measuring the mass at the base of the piling formed, which yields a single
measurement. Each data point consists of an average of 10 measurements, corresponding
to 10 piling realizations for a fixed poured mass. Finally, a dataset consists of the
collection of data points for a specified piling type. Datasets were acquired for 5 piling
types: 1) dry piling without overweight, 2) dry piling with overweight, 3) immersed
piling without overweight, 4) immersed piling with overweight and 5) settled piling
without overweight. The last 3 datasets concern liquid-saturated pilings with two
different methods of piling formation. For the 5" dataset, the data points consist of
averages over only 5 measurements at each fixed piling height. Measurements are plotted
in terms of apparent mass versus poured mass or apparent height versus poured height.

The apparent and poured heights are obtained from % = m/ (A p), where m is the apparent
or poured mass, 4 the cross section of the piling inside the column and p the bulk

density of the granular assembly. In the case of liquid-saturated pilings, since the load
cell records differential pressure when it is submerged, the bulk density, the apparent

mass and the poured mass are reduced by buoyancy effects.

Sequence of events that occur during a run

Here, the general sequence of a run is described in the case of dry, free-surface
pilings. Additions to the sequence specific to overweight or liquid-saturated pilings are

discussed later. The experiment protocol was designed with the primary objective of
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obtaining reproducible piling states. At the beginning of each run, a reference baseline for
the load cell output voltage was collected before any grains were poured into the column
(see section 2-3.1.3). Then, a pre-determined mass of grains, known to within 2 g, was
poured through a funnel to form a piling. A short interval after piling formation (< 10 s),
the load cell base was lowered to mobilize the grain friction at the column wall and allow
an estimate of the apparent mass at the base of the piling. A typical descent was recorded
for 45 s, although full mobilization of the wall friction was always established within 7 s
(see section 2-4.1).

The piling structure and texture (Radjai et al. 1998; de Gennes 1999) are
influenced by its formation history (Vanel and Clement 1999). Here, the funnel was not
filled so that the granular outflow was not a typical funnel discharge. The grains exited
the funnel spout as a wide beam and fell in a rain-like, distributed fashion, hitting the side
wall before reaching the free surface and impacting the free surface at random angles and
locations over the inside column cross-section. There was probably no preferred
avalanche direction as the grains came to rest on the free-surface and were subsequently
covered by other grains, yielding a homogeneous piling. The free-surface boundary was
near-horizontal, which made it possible to read the piling height with 1 mm accuracy.
The resulting dry piling had a packing ratio of about 63%, near the random close packing
fraction, consistent with energetic conditions of piling formation.

After each run the grains were vacuumed out of column, so that every run
corresponded to a unique piling realization where the entire piling was only subject to
load cell base descent once. A given batch of grains was reused about ten times. Multiple

runs were performed in random order at each single usage of a given batch. The usage
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number (one cycle of pouring and vacuuming) associated with a batch was recorded to
investigate possible effects associated with reusing grains. The piston was readjusted
after a run so that its descent always started from the same position in the column.

The glass beads and the acrylic column both had a tendency to accumulate
electrostatic charge. Vacuuming the grains aggravated the phenomenon. Accumulation of
electrostatic charge is associated with small-scale modifications of the grain surface
properties. The resulting effects on the frictional properties of intergranular contacts
could not be measured here. So, to keep the build-up of electrostatic charge to a
minimum, all containers used to handle, weigh, store and pour the grains were metallic
and the entire experiment apparatus was grounded. The inside wall of the column was
wiped with a slightly damp cloth after each run, leaving sufficient time for residual
moisture to dry before the next run. After the vacuuming step, the grains collected were
sieved through a grounded wire mesh with an opening of about 2 grain diameters to
remove most surface charges before reusing them. In addition, the column and piston
were periodically taken apart to be thoroughly rinsed in order to remove potential

contaminants or dust.

Pilings with Overweight

For the overweight datasets, an aluminum cylinder, a little smaller in cross-
sectional diameter than the inner column, was lowered and gently placed on top of the
piling before starting the load cell base descent. The overweight rested horizontally on
the leveled piling surface without touching the inner wall of column. Although the

surficial layers of grains were affected by this change in boundary conditions, as some
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grains were displaced into the gap between the overweight and the column wall, there
were probably no major rearrangements below the upper section of the piling since the
piling height, and thus the packing ratio, did not change between dry, free-surface and
dry, overweight runs. Time intervals between end of piling formation and overweight
positioning as well as between overweight positioning and start of load cell base descent
were short (< 10 s). The mass of the overweight was similar to the asymptotic apparent

mass of free-surface pilings.

Immersed pilings

The protocol for immersed piling runs consisted of pouring grains to form a dry
piling, slowly raising the water level inside the column to avoid major piling
disturbances, and then starting the load cell base descent. Piling immersion began shortly
after piling was formed (< 10 s). The flow of water into the column was driven by a
pressure head on the order of a meter and stopped at a 5 cm water depth over the piling
free-surface. In the case of overweight pilings, the water depth was sufficient to fully
submerge the overweight that was placed after piling immersion. No grain motion was
observed during immersion, even at the base of the piling where the water flows in
through the narrow gap between the Teflon ring around the piston and the column wall.
The behavior of the piling during immersion is further discussed in section 5.5.

The time interval between the end of the immersion and the next step in the
protocol, either load cell base descent for free-surface pilings or positioning of the
overweight for overweight pilings, was short (< 10 s). At the end of a run, the grains

were laid on plastic mesh and oven dried at 40 degrees C, and residual water was dried
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off the column inside wall so the piling of the following run was formed in dry
conditions.

Since the packing ratio has a large influence on the shielding intensity (Ovarlez et
al. 2003), a key objective in using the same piling construction method until submersion
was to obtain comparable packing ratios in the dry and immersed cases in order to
investigate the role of water as pore medium. The resulting packing ratios are smaller for
immersed pilings than for dry pilings by only about 1%, which is comparable to the
packing ratio resolution caused by piling height reading error. As for dry pilings, the
packing ratio for immersed pilings did not change between free-surface and overweight

runs.

Settled pilings

The experimental procedure for settled pilings was meant to reproduce conditions
corresponding to settling of particles through a liquid, such as marine sediments
deposition, and test the influence of the piling formation and the packing ratio. The
column was filled with sufficient water at the beginning of a run so that the piling surface
remained at least 5 cm below the water surface. The water depth was such that falling
grains almost always attained terminal velocity, which was significantly lower than for
the dry and immersed pilings, before reaching the top of the piling. The reduction in
energy associated with settled piling formation caused a significant decrease in the
packing ratio, which was estimated to be 59%.

In general, the free-surface of settled pilings was tilted by up to 15 degrees from

the horizontal. As the grains were settling, re-circulating eddies of a few centimeters in
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height were observed just above the piling free-surface. The eddies were axially
asymmetric with respect to the vertical axis at the center of the column and a majority of
the grains were deflected away from the larger eddy as they settled. I believe these
vortices caused the piling free-surface to be slanted. Piling height reading was only
accurate to within 2 mm, i.e. 2 grain diameters, because of the increased difficulty in
determining the mean level of the free-surface. However, the corresponding absolute
error on packing ratio was 1%, which is 4 times smaller than the difference in packing
ratio between the immersed and settled pilings.

Shortly after the piling was formed (< 10 s), the water level in the column was
lowered to about 2 cm above the piling free-surface and subsequently raised to 5 cm
above it, with the intention of reproducing the same final flow conditions as for the
immersed pilings. The effect of dynamic forcing of the pore fluid on the internal piling
structure is unknown, but may be significant even at the low fluid velocities typical of the
experiments. Additional questions regarding the saturation procedure used for settled

pilings are discussed in section 5.5.

Data processing

In order to obtain a run output, the load cell output is amplified, low-pass filtered
with a 2 pole 10 Hz analog filter, sampled at 1 kHz with a 16 bit analog to digital
converter and then passed through an additional 5 Hz finite impulse response equi-ripple
filter. The start of the load cell base descent is precisely identified for each run by
detecting a local minimum in the voltage output derivative within a narrow window

around the time of descent start recorded during the experiment. Then, the run baseline is
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subtracted from a 35 second-long record starting at the beginning of the load cell base

descent to constitute the output of a single run.

Measurement of wall-to-grain friction coefficient and repose angle

The wall-to-grain dynamic friction coefficient was measured for the experiment
set-up with a device resembling the leaf spring slider used in (Ovarlez et al. 2001).
Measurements were done on the column section occupied by the bottom of the piling to
obtain a friction measurement typical of the wall surface where shielding occurs for all
piling heights. A bore gauge (T-shaped device used to measure a bore’s inside diameter
and which horizontal head consists of two telescopic rods enclosing a coil, compression
spring) was attached to the top of the piston and applied a 1.5 N normal force on grains
glued on two tapered extensions fitted over the extremities of the bore gauge’s rods. This
system was in a steady-sliding regime during load cell descent, when the tangential wall-
to-grain friction force was evaluated. Measurements were acquired both in dry and

immersed conditions, yielding wall-to-grain friction angles of6, =20 degrees and

0

raed = 21.5 degrees, with a precision of 4 degrees. The penetration depth at the wall-
to-grain contact interface, determined from the normal contact force using Hertz theory,
was about 40 times larger during the friction measurements than during piling
experiments. The difference in loading regime may affect the frictional properties of the
wall-to-grain contact (Abou-Chakra and Tuzun 1999).

To measure the repose angle of the glass beads, a conical pile was poured on a

dish from a gradually raised source kept at a constant, very small distance (< 1 cm) from
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the apex of the pile. The saturated pile was formed underwater from already immersed
grains. The measurement process was repeated 5 times. The repose angles obtained

ared,, =23.5 degrees and ¢

awaea = 23 degrees, with a precision of 2 degrees. Samadani
and Kudrolli (Samadani and Kudrolli 2001) also found little difference in the repose

angle of dry and underwater piles formed with glass beads.

LOAD CELL DESCENT

As discussed in the introduction, a key objective of the experiment approach must
be to establish boundary conditions at the piling wall that are both reproducible and
known. Understanding the behavior of the piling during the descent phase of the load cell
base is central to this goal, and discussed in detail here. Fig. 2-2A shows the general
structure of three run outputs, each corresponding to a different piling height for a dry,
free-surface run. The vertical axis is effective mass at the piston and the horizontal axis is
displacement of the load cell base calculated from time and knowledge of the load cell
base velocity. As the load cell base is lowered, the measured mass decreases by about
25% to 50% until it approaches an approximately constant value. The decrease in
measured mass is not monotonic, and temporary increases can be observed, superposed
on the overall trend. Overall, the mean trend can be approximated by an exponential
decay starting shortly after the beginning of the load cell base descent. Analysis of many
such runs has shown that the variation in measured mass as the load cell base is lowered

can be divided into three successive regimes, discussed below.
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Overview of the three piling regimes for dry, free-surface pilings

The three distinct regimes that occur during the descent of the load cell base have
been annotated in Fig. 2-2B, which shows an expended view of the middle curve in Fig.
2-2A. The first regime is characterized by a linear decrease in measured mass with load
cell base displacement. During the second regime, the measured mass continues to
decrease, but at a slower and decreasing rate. Finally, the third regime occurs when the
measured mass has stabilized near a minimum value (Fig. 2-2B). The run outputs present
a definitive change in slope between the first two regimes, while the transition between
the last two regimes is more difficult to determine (Fig. 2-2B).

The measured mass in the third regime is not constant because of events
characterized by a sudden increase in measured mass immediately followed by a return to
about the same minimum value (Fig. 2-2A). I interpret these features as relaxation
oscillations. They sometimes occur during the second regime as well, and in general start
after less than about 10 micrometers of load cell base displacement. The interpretation
and significance of the relaxation oscillations and their variations in amplitude and
frequency from run to run are discussed later (see section 2-6.6.2).

The three regimes identified in Fig. 2-2B correspond to successive phases of the
mechanical response of the confined piling during the load cell base descent, and each
has a specific physical significance for the piling state. The first regime corresponds to
expansion of the load cell while the piling, at least at its base, is jammed upwards due to
load cell over-compression induced by the kinetic energy transferred from the falling
grains. The piling response is then purely elastic. Since the jammed lower piling is stiffer

than the load cell, the load cell base descent is accommodated by expansion of the load
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cell while the piling remains essentially stationary. If non-zero, the piling base
displacement is smaller than 25 nm, which is the resolution of our system for the load cell
expansion (see section 2-4.3). The change in measured mass of the piling over time

during this regime is given by m(t)=m,(k/g)Vt, with m, the measured mass before the

start of the load cell base descent, V' the descent velocity, k& the spring constant of the

load cell, g the gravity constant and ¢ the time. I label this phase as the elastic regime.

The second regime corresponds to the mobilization of grain friction at the column
wall, starting as the piling base descent begins. In the second regime, the upward force
exerted by the expanding load cell on the piling has decreased sufficiently that the wall-
to-grain friction at the base of the piling changes orientation from downward to upward.
Reversal and full mobilization of wall friction is extended beyond the bottom section of
the piling by progressive loosening of the underlying sections that are displaced
downwards. Therefore, the duration of this regime is related to the piling height, and
ranges from 1 to 7 seconds, i.e. about 1.5 to 12 micrometers (Fig. 2-6). A 10 micrometers
piling base displacement corresponds to 1% of a grain diameter. I label this phase as the
decompression regime.

Finally, the third regime starts after the full friction mobilization has been
progressively achieved over the entire piling length. Except during relaxation oscillations,
the measured mass remains close to a minimum corresponding to the situation where the
wall friction is everywhere at the dynamic limit of slippage, the fraction of the piling
mass supported by the lateral wall is maximum and the piling is slipping at the descent
velocity of the load cell. Hence, this regime consists of a steady descent of the piling with

relaxation oscillations. I label this phase as the relaxed regime.
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Analysis of the load cell output slope

Each of the three regimes exhibits a distinct mean slope of measured mass versus
load cell base descent. This is illustrated in Fig. 2-3, which shows the ensemble averages
of the mean output slopes for all piling heights for dry, free-surface pilings. The slope for
the first regime represents an average across the regime. The slope for the second regime
represents an average from the start of the regime to a single e-folding distance
determined from a least-mean-square exponential fit to the run output. The slope for the
third regime represents an average taken from 17 micrometers to 59.5 micrometers load
cell base descent, which was always well within the third regime.

The average output slopes in the elastic regime fall right along the load cell
stiffness obtained from independent calibration measurements over the whole range of
the experiments. The stiffening of load cell with compression is well-matched by the
increase of average slope of the run outputs with increasing output voltage, in the elastic
regime (Fig. 2-3). In the decompression regime, the average output slope is non-zero and
smaller than the load cell stiffness, which corresponds to the diminishing rate of decrease
of the measured mass as it approaches its minimum value. Average slopes during the
decompression regime are larger for taller pilings than for shorter pilings: as the change
in measured mass during the decompression regime increases with piling height, so does
the rate of change in measured mass near the beginning of the decompression regime.
This confirms that the decrease in the measured mass during the decompression regime is
dependant on the piling height. Not only does the regime duration increase with piling

height, but so does the residual stiffness of the piling at the beginning of the regime. The
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output slope in the relaxed regime averages to zero for all piling heights, independent of
the expansion state of the load cell. This is consistent with the steady descent of the piling

without overall change in measured mass, except for the transient relaxation oscillations.

Analysis of the piling base displacement

The analysis of the piling base displacement, derived from the available
parameters and outputs of the experimental system, confirms our interpretation of the
physical significance of the three regimes observed (Fig. 2-4). The deformation of the
load cell can be directly derived from its output voltage and the load cell stiffness
determined by calibration experiments. The displacement of the piling base is then
obtained by subtracting the measured load cell expansion from the load cell base
displacement (Dp = D¢ - €). Fig. 2-4 indicates that the elastic regime corresponds to load
cell expansion while the piling is immobile and that the well-defined transition to the
decompression regime corresponds exactly to the beginning of the piling base descent. In
the decompression regime the load cell continues to expand while the piling base moves
downward. Approaching the relaxed regime, the load cell stops expanding overall and the

piling base displacement follows the load cell base displacement.

Choice of the apparent mass

Drawing from these observations, a systematic procedure is defined and applied
to all run outputs to detect the termination of the elastic regime as the beginning of the
piling base displacement. In practice, it is the point when the ratio of the piling base

displacement to load cell base displacement, which varies from 0 to 1, reaches the
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threshold of 1/3. The load cell expansion is not derived from the load cell stiffness
observed in calibration experiments because the stiffness response of the load cell is not
exactly reproducible (see the variance in the stiffness in Fig. 2-3). Instead, an initial
output slope representative of the elastic regime is used to ensure a more accurate
determination of the beginning of the decompression regime. The initial slope is
evaluated well within the elastic regime very near the maximum slope. Because the load
cell stiffness depends on its deformation state, i.e. it decreases with decreasing output
voltage (Fig. 2-3), this initial slope is not exactly adequate to assess the load cell
expansion beyond the elastic regime. The resulting over-evaluation of the piling base
displacement amounts to less than 1% error at the end of the decompression regime, and
does not increase during the relaxed regime owing to the overall non-expansion of the
load cell.

The choice of the apparent mass at the base of the piling from the measured mass
record corresponds to conditions of full mobilization of the wall-to-grain friction over the
entire piling height, while keeping the piling displacement small enough to prevent major
piling rearrangements. The apparent mass is chosen during the decompression regime
that constitutes an intermediate phase between the elastic and relaxed regimes, neither of
which strictly satisfies the above requirements (see sections 3.1 and 5.6.2). In practice,
the best exponential fit to the second regime of the run output is estimated from a least-
mean-square regression. Then the apparent mass is taken as one e-folding distance on the
exponential fit. This regression method is global as it uses all of the available data from
the relevant regime. The fixed parameters used in the fit are the point where the piling

descent starts, as the origin, and the measured mass characteristic of the relaxed regime,
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as the asymptote. The asymptotic value is calculated from the filtered data after
suppressing fluctuations more than one standard deviation away from the mean to
exclude most of the relaxation oscillations, as they do not characterize the conditions of
fully mobilized wall friction right before slippage. This procedure keeps the piling base
displacement at the point chosen as the apparent mass within about 10 micrometers for all

run outputs (Fig. 2-6).

Applicability of the analysis to dry and saturated pilings with free-surface and
overweight

Although the data analysis procedure was primarily based on the interpretation of
the dry free-surface dataset corresponding to the conventional silo experiment, it is
supported by observations that are common to all the acquired run outputs and is
therefore applicable to the entire dataset. In particular, overweight and immersed pilings
consistently show the three regimes that characterize the response of the entire
mechanical system during the load cell base descent. Subtleties in some characteristics of
these regimes are discussed below.

For all three regimes, the average output slopes are similar between dry and
immersed pilings of the same height and same boundary conditions at the top of the
piling. Piling immersion causes a reduction of the load cell voltage output due to
buoyancy effects while leaving the load cell output slope unchanged, therefore shifting
the data points for immersed runs to the right on Fig. 2-5. A noticeable consequence is
that the average output slopes for the elastic regime in the immersed case lie over the

calibrated load cell stiffness while they are systematically below the calibration curve in
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the dry case (Fig. 2-5). The difference arises from the piling response to the load cell
descent, since immersion does not affect the load cell stiffness. The piling behavior, and
in particular its stiffness, appears to be closely related to the formation procedure,
whether or not the piling is subsequently immersed. In addition, as expected from the
overshoot amplitude (see (Ovarlez et al. 2003) and Figs. 2-9A, B), the range in average
output voltage over all piling heights is smaller for each of the three regimes when
comparing overweight runs to free-surface runs (Fig. 2-5).

The piling displacement at the point chosen as the apparent mass is significantly
smaller for shorter piling compared with medium and tall pilings (Fig. 2-6), confirming
that the friction mobilization is very rapidly achieved over the entire piling height when
the piling is short enough. Piling displacements corresponding to the apparent mass are
also systematically larger in the overweight cases than in the free surface cases for a fixed
piling height (Fig. 2-6), suggesting that the mobilization of wall-to-grain friction is
affected by presence of the overweight. Tallest pilings constitute an exception to this last
observation, indicating that for sufficiently tall pilings the mechanical response of the
granular assembly near the top of the piling does not affect the wall friction mobilization
of the lower piling, which determines the measured mass at the piling base. In addition,
piling base displacements corresponding to the apparent mass measurement are about
twice as large in the immersed case than in the dry case (Fig. 2-6). The presence of water
at the wall-to-grain contact may increase the anchoring length (see (de Gennes 1997) and

section 5.6.1).

Efficacy of the data analysis procedure
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The analysis of the standard deviation of the measured mass reinforces our
interpretation of the mechanical behavior of the confined piling during the load cell
descent and our choice for the apparent mass. Except for short pilings, standard
deviations of the measured mass evaluated at the beginning and end of the elastic regime
are very similar and double the standard deviation of the apparent mass (Fig. 2-7A). The
piling state is more reproducible at the chosen apparent mass than at the beginning and
the end of the elastic regime, consistent with wall friction mobilization occurring during
the decompression regime. Short pilings do not exhibit a marked decrease in standard
deviation of measured mass during the decompression regime because piling state
variability affects measured mass through shielding, which only occurs beyond a certain
piling height.

The standard deviations of the apparent mass ensemble values are on the order of
20 g for most data points (Fig. 2-7B), ensuring that the experiment set-up has sufficient
resolution to test the Janssen-like behavior and the overshoot effect in immersed
conditions. Such fluctuations between piling realizations for a fixed piling height are
caused by the random character of granular assemblies and should not be confused with
the measurement error related to the performance of the apparatus. They range from 5 g
for short pilings to about 50 g for taller pilings (Fig. 2-7B) and increase at a steady rate
that does not appear to be exactly proportional either to poured mass or to apparent mass.
The effect of run-to-run variability in piling configuration, which plays a role in the mass
shielding mechanism, is more significant for taller pilings where shielding is most

intense.
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Overweight runs corresponding to the range of piling heights where the apparent
mass is expected to decrease from the overshoot peak to the asymptotic level (Ovarlez et
al. 2003) have larger standard deviations, almost double that of free surface runs with the
same piling height. The shielding intensity is evidently even more dependant on small
changes in piling configuration at such piling heights that are near the shielding length
(see section 2-6.1). Standard deviations for immersed pilings are a little larger than but
comparable with those of dry pilings, except in the case of short immersed overweight
pilings where they are five times larger than for short dry overweight pilings. Other than
increased sensitivity of shielding intensity on piling configuration, the authors are not
aware of a particular cause for such high standard deviations, up to 70 g, for short
immersed overweight pilings. However, even these larger standard deviations are well

below the expected amplitude of the overshoot peak relative to the asymptotic level.

The effect of grain usage on apparent mass

The run-to-run fluctuations in the apparent mass measurements for a fixed piling
height show a positive trend with grain usage (Fig. 2-8A) for dry pilings, interpreted as
an alteration of the surface properties of the grains. This systematic part of the standard
deviation is of the same order of magnitude as the remaining fluctuations that are
random. The positive slope of the linear fit for dry pilings consistently increases with
piling height (Fig. 2-8B), without showing direct proportionality between the effect of
grain usage and the poured nor the apparent mass. The drift is interpreted as a result of

alterations of the surface properties of the grains while handling them, including the
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introduction of contaminants from contact with other materials, physical wear and
changes in the chemical properties linked with electrostatic charge issues and mitigations.

In the case of immersed pilings, the dependence of the apparent mass on the usage
number of the grains is not as pronounced (Fig. 2-8B). The usage trend is not increasing
with piling height, and is even negative for some piling heights. The presence of
interstitial water may be responsible for the absence of a marked dependence on grain
usage, for example by removing contaminants or dust particles eroded from the surface of
the grains, hence suppressing some of the consequences of usage. The large positive
trend for short immersed pilings with overweight is probably related to the high standard
deviations observed for such pilings (see Fig. 2-7B and section 3.6). In addition, the
analysis of the standard deviation of the apparent mass shows that while detrending the
data would improve the reproducibility by a factor of two in the dry case, it would leave
the standard deviation almost unchanged in the immersed case (Fig. 2-8C), which
confirms that grain usage does not have a systematic effect on the apparent mass of
immersed pilings.

Given the relatively small magnitude of the observed trend with usage, the lack of
strong evidence to identify its cause for dry pilings and its inconsistency for immersed
pilings, the data was left as is in all cases. Removing the trend would not have changed
any of the results of this paper, besides a small reduction of the asymptotic mass and the
shielding length (see section 2-6.1) in the dry case.

Although the grains showed evidence of changes in surface properties with usage,
modifications in the surface properties of the column inside wall were not significant. At

the end of the data acquisition, a series of 10 runs was performed to repeat one data point
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for dry, free-surface pilings. The difference in the ensemble average of the apparent mass
between the original and newly acquired data points was 1g, which is well within the
error of the experiment apparatus. The standard deviations of the two ensemble
measurements were comparable, indicating that the range in piling configurations was
also preserved. Alteration of the inside wall surface through wear or contamination while
using the apparatus is possible but had no measurable effect on the apparent mass.
Surface preparation (sanding) of the column inside wall and regular maintenance of the
set-up probably contributed to preserving consistent experiment conditions and were

therefore beneficial to measurement reproducibility.

RESULTS FOR THE APPARENT MASS OF PILINGS

In the following, data are plotted as apparent mass versus poured mass, which is
the convention most commonly encountered in the literature. However, I will often refer
to piling heights in terms of either meters or grain diameters. Given the changes in bulk
density between pilings, whether they are dry, immersed or settled, a good rule of thumb
is that a poured mass of 1 kg corresponds to a piling height of 77 grain diameters in the
dry case, 129 grain diameters in the immersed case and 139 grain diameters in the settled
case.

The Janssen model, which has been fitted to all the free-surface curves, has one
free parameter amounting to a shielding length. Estimates of this length for the free-
surface datasets respectively are 4 =6.1 cm, 4 =8.2 cm and A =14.5 cm for the dry,

immersed and settled free-surface pilings. Standard deviations for a selected data point
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are shown as a reference for the measurement dispersion (Figs. 2-9A, B, 2-11A, and 2-

12A), and a complete plot of the standard deviations can be found in Fig. 2-7B.

Dry pilings results: free surface and overweight

The apparent mass of dry, free-surface and dry, overweight pilings is plotted
against poured mass in Fig. 2-9A. The curves show that the evolution of the apparent
mass is smooth in both cases, but monotonic for free-surface pilings only. The
overweight pilings are characterized by an overshoot followed by a decay for increasing
poured mass.

The apparent mass of free-surface pilings initially increases linearly with the
poured mass. However, measurements deviate very rapidly from lithostatic behavior,
starting at pilings about 20 grain diameters high. Then, the rate of increase in apparent
mass decreases regularly with the poured mass. The apparent mass, measured at the base
of the piling, of grains poured in the column is progressively shielded as the piling is
built-up. After a piling height of about 200 grain diameters, corresponding to four times
the piling radius, the free-surface apparent mass reaches an asymptote. The asymptotic
apparent mass is equivalent to the poured mass of a piling of about 55 grain diameters,
corresponding to 1.1 times the piling radius.

For overweight pilings, the mass applied on top of the piling is a little smaller
than the free-surface asymptote (Fig. 2-9A). The apparent mass of very short pilings, up
to 10 grains high, also follows a lithostatic response. Then, the rate of increase in
apparent mass with poured mass also decreases, but more rapidly than in the case of free-

surface pilings. The apparent mass becomes quasi-stationary for piling heights ranging
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from 35 to 70 grain diameters, constituting a broad maximum. Beyond this height, the
piling apparent mass decreases towards roughly the same asymptote as the free-surface
case. The decay from the wide peak observed for tall pilings is somewhat slower than the
increase to the overshoot observed for short pilings.

Close observation of the overweight case reveals small variations, equivalent to
the poured mass of one grain layer, occurring in the densely sampled range of data
corresponding to short pilings. Perhaps such variations, which could be interpreted as
small oscillations, are not observed in the rest of the curve because there are too few data

points.

Immersed piling results: free surface and overweight

The apparent mass of immersed, free-surface and immersed, overweight pilings is
plotted against poured mass in Fig. 2-9B. The overall shapes of the curves are somewhat
similar to the dry case, and show a convergence to an asymptote for free-surface pilings
and an overshoot for overweight pilings. However, the apparent mass of immersed
pilings is less smooth than in the dry case. The overweight pilings exhibit slow variations,
equivalent to the poured mass of 2.5 grain layers, that could be interpreted as oscillations
on the downward side of the peak.

For free-surface pilings, the lithostatic behavior lasts up to piling heights of about
20 grain diameters, as in the dry case. The asymptote is reached for pilings around 200 to
250 grain diameters, which is slightly taller than in the dry case. The asymptotic apparent
mass is equivalent to the poured mass of a piling of about 75 grain diameters,

corresponding to 1.5 times the piling radius.
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For overweight pilings, the lithostatic phase is limited to short pilings, less than
10 grain diameters. The peak is not as broad as in the dry case and occurs for shorter

pilings, spanning the 15-30 grain diameters range.

Comparison of overshoot responses between dry and immersed pilings, and with
previous studies

The dry, overweight and immersed, overweight datasets normalized by the
corresponding free-surface apparent mass asymptote are plotted in Fig. 2-10. Three
normalized datasets from two previous studies (Vanel et al. 2000; Ovarlez et al. 2003)
are included for comparison. Although the datasets were acquired with different set-ups,
grains and experiment protocols, making direct comparison problematic, the similarity in
piling behavior between the datasets is encouraging. The three dry, overweight datasets
(shown in gray in Fig. 2-10) exhibit the same overall pattern of rapid overshoot for short
pilings followed by a slow asymptotic decay to the free-surface asymptotic mass.

The Ovarlez et al. data, plotted as a solid gray line in Fig. 2-10, was acquired
following a procedure similar but not identical to this study (see (Ovarlez et al. 2003) and
section 5.6.1), which makes a comparison particularly relevant. The main difference is
that the Ovarlez et al. overweight mass was equal to the asymptotic free-surface mass,
whereas it was 0.94 times the asymptotic free-surface mass in the present study. The
overshoot and decay of the apparent mass curve are comparable to the present study.
Although the normalized amplitudes of the peaks are comparable, the peak observed in

their dataset is significantly narrower.



47

The other two datasets were acquired following a procedure where the load cell
descent velocity was 10 times larger than used here, and data was collected with only one
run for each data point. The values for their overweight normalized mass are 0.93 and
1.33, i.e. either a little smaller or significantly larger than the asymptote. The oscillations
in the curves and the width of the peaks are likely caused by the random character of
piling configurations. These two datasets are shown to illustrate the influence of the mass
of the overweight on the overshoot response. As the overweight normalized mass
increases, the peak occurs at smaller piling heights and reaches a larger normalized
apparent mass (Vanel et al. 2000). This is consistent with observations from the present
study, looking at the evolution of the overshoot response between the dry case where the
normalized overweight mass is 0.94 and the immersed case where the normalized
overweight mass is 1.22. Obviously, water may also contribute to the difference in the

observed overshoot response.

Consequences of saturating dry, free-surface pilings

The apparent mass and apparent piling height at the base of dry, free-surface and
immersed, free-surface pilings are plotted in Figs. 2-11A, B. Fig. 2-11A shows apparent
mass versus poured mass, which is the usual presentation for this data on confined
pilings. In the immersed case, the presence of water decreases the bulk density of the
piling by a factor of 0.61. The change in the bulk density can be accommodated in the
data presentation by plotting the apparent piling height versus poured height, as shown in
Fig 11B. All other factors being equal, we would expect curves of apparent piling height

made with grains of variable density to collapse.
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Least-mean-square fits of the Janssen model to the data are plotted as gray, solid
lines in the figures. Both dry and immersed pilings show Janssen-like behavior, although
quantitative agreement is better in the dry case than the immersed case. The RMS error of
the best least-mean-square fit to the dry, free-surface pilings is 9 g, or 1.1% of the
asymptotic apparent mass, whereas the RMS error in the immersed case is 18 g, or 2.7%
of the asymptotic apparent mass.

Fig. 2-11A shows that saturating the dry, free-surface piling decreases the
asymptotic apparent mass by approximately 20%, whereas the reduction in bulk density
accompanying saturation would result in an expected reduction of approximately 40%,
other factors being equal. Evidently, saturating the piling has also increased the shielding
length, partially offsetting the reduction in mass due to buoyancy. Fig. 2-11B shows the
increase in shielding length accompanying saturation more clearly, from 6.1 cm to 8.2
cm. This weakened shielding behavior reflects changes in the mechanical response of the

piling induced by saturation.

Consequences of forming saturated pilings through settling versus immersion

In the above section, I examined the different responses of dry versus immersed
pilings. Here, the comparison is between two different piling formation procedures, both
pilings being saturated. The procedures, described in sections 2.2.4 and 2.2.5, result in
different packing ratios (0.63 for the immersed piling and 0.59 for the settled piling: see
Fig. 2-13) and, presumably, other changes in piling configuration. The immersed, free-
surface and settled, free-surface curves are plotted in Figs. 2-12A (apparent mass versus

poured mass) and 2-12B (apparent piling height versus piling height).
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Least-mean-square fits of the Janssen model to the immersed and settled pilings
are plotted as gray, solid lines in the figures. The immersed piling shows behavior
consistent with the Janssen model, whereas the agreement between the model and data
for the settled case is rather poor by comparison. The RMS error of the best least-mean-
square fit to the settled piling is 54 g, or 5.2% of the asymptotic apparent mass, and the
discrepancy between the model and data can be as high as 85 g at individual points on the
curve.

Figs. 2-12A and 2-12B show that the shielding length is quite sensitive to the
method used to form the piling. The reduced packing ratio for the settled piling results in
a 6% reduction in the piling bulk density, whereas Fig 12A shows a 66% increase in the
asymptotic apparent mass. Fig. 2-12B shows that the screening length has increased from

8.2 cm for the immersed piling to 14.5 cm for the settled piling.

DISCUSSION

Comparison of apparent mass measurements at the base of dry pilings with earlier
studies

From earlier studies, it is known that dry pilings exhibit a number of common and
reproducible features. The first of these is generally referred to as Janssen behavior,
consisting in a gradual reduction in the increase of apparent mass to an asymptotic limit
(Nedderman 1992; Duran 2000; Sperl 2006). The initial regime corresponds to a
lithostatic response and the final regime to shielding of the piling mass. They are
separated by a transition zone of progressive mass shielding that arises from vertical to

horizontal stress redirection within the granular bulk and wall-to-grain friction, altogether
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resulting in partial support of the piling mass by the column wall. In cylindrical

coordinates (r,,z), with depth increasing downward from the piling free-surface (Fig.
2-1A), the stress redirection equation iso,, = Ko, and the relation between shear stress
and horizontal stress at the wall, assuming friction is fully mobilized, iso,, = u,,0, at
r =R, where y, 1s the Coulomb friction coefficient and R is the radius of the piling. The

Janssen parameter, K, quantifies a mechanical property of the assembly and corresponds
to the earth-at-rest coefficient used in soil mechanics (Terzaghi et al. 1996; Michalowski
2005). The lower and upper limits of the earth-at-rest coefficient, respectively the active
and passive Rankine states, are

(1=sin(g")/(1+sin(¢) < K < (1+sin(¢))/(1 - sin(¢),
where the internal friction angle ¢' is determined from tri-axial or direct shear tests

(Terzaghi et al. 1996). The Janssen parameter can be expressed in terms of the internal
friction angle, which is often considered equal to the repose angle (Terzaghi et al. 1996;

Claudin 1999; Michalowski 2005), or elastic coefficients (Ovarlez and Clement 2005).

The Jaky formula K =1- sin(¢) is often used in engineering applications.

The resulting functional relationship between the apparent mass and the poured

mass

M, =M, [1-expl-M

app pour /Masym )) ) Wlth Masym = p7ZR3 /2K,Uw

has a unique parameter A = R/2Ku, , known as the shielding length, which accounts for

both the bulk and wall behaviors and determines the asymptotic apparent mass and the
rate of gradual shielding. Typical shielding lengths range from 1 to 5 times the piling

radius. As stated earlier, the equations underlying the Janssen model relate averaged
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quantities, rely on simplifying assumptions and correspond to specific boundary
conditions, and yet the model has proven very successful at predicting the apparent mass
as a function of the poured mass in various column and silo set-ups. However, in general,
Janssen model predictions are not in complete agreement with measurements as they tend
to slightly underestimate the apparent mass of short pilings and overestimate the apparent
mass of tall pilings.

A second characteristic of the apparent mass at the base of dry pilings is the very
large measurement fluctuations between pilings realizations. The apparent mass is
extremely sensitive to changes in the configuration of the granular assembly reflected by
changes in K. Small temperature variations and tapping are examples of small
perturbations reported to cause large variations in apparent mass (Claudin and Bouchaud
1997; Vanel et al. 1998). The reported increase of the variance in the ensemble apparent
mass with increasing piling height, until the asymptotic regime, is also attributed to the
dependence of the apparent mass on piling configuration (Vanel et al. 2000), and can be
explained as follows. Changes in shielding intensity with piling configuration are only
observable for pilings taller than the height beyond which gradual shielding of piling
mass occurs. Therefore the standard deviation in the ensemble mass is small for short
pilings. The variability in the configuration of piling layers at heights within the
asymptotic regime has a limited effect on the variance in the apparent mass at the piling
base since the grains at the bottom are mechanically shielded from such layers.
Consequently, the variance in the apparent mass does not further increase once the

asymptotic regime has been attained.
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A third characteristic observed in previous studies is an overshoot in apparent
mass for pilings that support at their top surface an overweight of mass roughly similar to
the free-surface piling asymptotic mass (Ovarlez ef al. 2003). Overweight pilings respond
like free-surface pilings in that they begin with a lithostatic response and gradually shield
both the poured and overweight mass with increasing piling height. The asymptotic
apparent mass of free-surface and overweight pilings are similar because the vertical
stress exerted by the overweight on the piling is laterally redirected through the piling to
the wall, which then supports the overweight-induced stress. When the overweight mass
is roughly the same as the asymptotic mass, the apparent mass shows a pronounced peak
or overshoot between the initial and final regimes. The value of the peak increases with
increasing overweight mass. When the overweight mass is chosen equal to the free-
surface asymptotic mass (Ovarlez et al. 2003), the overshoot occurs when the piling
height is a little smaller than the shielding length of the piling and shows a maximum of
15% to 20% of the free-surface asymptotic mass. Systematic study of dry, overweight
pilings is recent (Ovarlez et al. 2003) and the overshoot feature, which is not predicted by
Janssen model, is poorly understood.

Here, Janssen-like behavior is observed in the free-surface case (Fig. 2-9A). The
Janssen parameter K can be derived from the fitted shielding length and the dynamic

wall-to-grain friction coefficient (x, = tan(@)) measured with the bore gauge device (see

section 2-3.4), which is probably adequate since the apparent mass is chosen during the

piling descent, i.e. in quasistatic conditions. The obtained Janssen parameter (K iy = 1.14)

is similar to K-values reported in previous laboratory studies on pilings of glass beads
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with high packing ratios, and within the stability bounds (0.43 <K, < 2.33). The change

in standard deviation with piling height (Fig. 2-7B) is also consistent with previous
observations, despite the continued increase in variance within the asymptotic regime,
which precludes a scaling with apparent mass. Finally, the apparent mass at the base of
the piling with overweight does exhibit an overshoot before gradually approaching the
same asymptote as in the free-surface case (Fig. 2-9A). The peak value is consistent with
that expected from previous studies (Vanel et al. 2000; Ovarlez et al. 2003). Differences
in the shape of the peak, which is not as sharp as in (Ovarlez et al. 2003) may arise from
differences in experiment set-up. In particular, a higher column diameter to grain
diameter ratio may hinder the occurrence of the peak at a consistent piling height owing
to the variability in the shielding intensity across the piling in the radial direction. The
agreement between the measurements presented here and known results from prior
studies lends confidence that the experiment set-up, protocol and analysis procedures are
valid, i.e. that the datasets obtained actually reflect the apparent mass at the base of a

granular piling.

Comparison between dry and saturated pilings: qualitative similarities

One of the main results of this study is to demonstrate that saturated pilings
exhibit the same fundamental characteristics as dry pilings. The gradual shielding of the
piling mass from an initial lithostatic behavior to an asymptotic regime in the free-surface
case (Fig. 2-9B), the large sensitivity of the measurements to the piling configuration that

causes an increase of variance in ensemble apparent mass with increasing apparent mass
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(Fig. 2-7B) and the overshoot in the overweight case (Fig. 2-9B) are all observed in the
case of saturated pilings formed by immersion of dry pilings.

Our interpretation of the results is that essentially the same microscopic physics
governing inter-granular contacts defines the macroscopic mechanical response of dry
and saturated pilings. The Janssen model reproduces the apparent mass of the immersed,
free-surface piling (Fig. 2-11A) with a similar goodness-of-fit as the dry case. Given that
piling saturation does not qualitatively affect wall-to-grain friction (see section 2-3.4),
observing a Janssen-like behavior in saturated pilings demonstrates that lateral stress
deflection, the other mechanism underlying the mass shielding typical of dry pilings, also
occurs in saturated pilings. The measurement fluctuations are comparable in dry and
immersed cases, except for short, immersed pilings with overweight. Observing a similar
level of sensitivity to piling configuration in dry and immersed conditions suggests that
the mechanism by which piling configuration affects stress distribution through the piling
is similar. The variance in apparent mass is a little larger in the immersed than in the dry
case for the same poured mass but so is the corresponding piling height. The overshoot
effect for pilings supporting an overweight of mass roughly similar to the asymptotic
mass is clearly observed in the immersed case.

Finally, the settled pilings experiments show that, as for dry pilings, the packing
ratio is a central parameter influencing the intensity of mass shielding in saturated pilings.
A small reduction in packing ratio, and thus a reduction in bulk density, does not yield a
reduction but a significant increase in the asymptotic apparent mass of free-surface

pilings, demonstrating the sensitivity of the shielding effect to piling configuration.
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Comparison between dry and saturated pilings: quantitative differences

Although dry and saturated pilings exhibit similar qualitative behavior, there are
quantitative differences. Here I discuss changes in the stress redirection efficacy and its
sensitivity to packing ratio using estimates of the Janssen parameter K obtained from the
fitted shielding length and the measured wall-to-grain friction coefficient.

Piling saturation reduces the Janssen parameter from K, =1.14 to

K =0.79. It is generally admitted that the total stress in saturated soils is the sum

immersed
of the pore pressure and an effective stress corresponding to that of the solid matrix with
a reduced density (Terzaghi 1943). The results presented here challenge the idea that the
effective stress is the same for dry and saturated pilings under quasistatic conditions, as
they indicate a change in the mechanical behavior of the granular assembly due to water
saturation. The difference in stress redirection efficacy between dry and immersed pilings
is an unambiguous feature of our measurements of the apparent mass at the base of
slowly lowered pilings. First, there is a 30% change in K, which is well above the
measurement fluctuations. The variability in piling configuration reflected in the variance
in apparent mass is equivalent to only a 5% change in stress redirection efficacy.

Furthermore, the possibility that the difference between K, and K ., 1s an artifact

solely caused by measurement error in the wall friction angle can reasonably be ruled out.
The measured wall friction values are accurate to within 2 degrees, and a wall-to-grain
friction angle of 15.5 degrees in saturated conditions, instead of the measured 21.5

degrees, is required to keep the product x A, and therefore K, constant. Obtaining such

different estimates of the Janssen parameter for dry and immersed pilings indicates that
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using the repose angle, which is not significantly modified by saturation (see section 2-
3.4), as an equivalent for the internal friction angle in expressions for K is not appropriate
for all pilings.

In addition to reducing K, piling saturation seems to enhance the attenuation in the
lateral stress deflection typically associated with a reduction in packing ratio. The
reduction in stress redirection efficacy between the settled and immersed pilings is larger
than what is reported for dry pilings with the same change in packing ratios. The Janssen
=0.79 to K

parameter is reduced by 46% from K =0.45 between the

immersed settled
immersed and settled pilings, packing ratios of which respectively are 0.63 and 0.59. A
previous study (Ovarlez et al. 2003) investigating the variations in estimated K parameter
with changes in the packing ratio of dry, free-surface granular pilings can be used as a
reference for comparison. Because I discuss relative changes between datasets acquired
with the same equipment, it is realistic to assume that differences in the set-ups may have
only a limited impact in our comparison. Interpolation from their measurement yields a
24% reduction of K from approximately 1.08 to 0.80 accompanying a change in packing
ratio from 0.63 to 0.59. All other factors being equal, the same change in packing ratio
results in more weakening of the mass shielding in the saturated case than in the dry case.
Alternatively, besides their packing ratio, other aspects of the configuration of granular
assemblies that influence the stress redirection mechanism may be affected by the piling
formation procedure. Again, differences in estimates of the Janssen parameter for two
saturated pilings, constituted of the same grains but formed following different protocols,

suggests that the Janssen parameter cannot solely be obtained from the repose angle of

the granular material confined in the piling (Claudin 1999).
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Settled pilings exhibit a Janssen-like behavior, but with significant quantitative
disagreement between model and data. This suggests that there may be limitations on the
applicability of the Janssen model to the response of some saturated pilings, depending
on their formation procedure. With a single parameter to capture both the asymptotic
apparent mass and the rate of gradual shielding, the Janssen model usually
underestimates the apparent mass of short pilings and overestimates the asymptotic mass
(Vanel and Clement 1999; Landry et al. 2003; Ovarlez and Clement 2005; Liu et al.
2009). For settled pilings however, the discrepancy is much larger than typical errors
reported in previous studies. In particular, the model fails to reproduce the response of
short pilings, which actually follow a lithostatic behavior for piling heights up to 40 grain

diameters (Fig. 2-12B). The Janssen parameter of settled pilings, K is very low

settled >
compared to values reported for column experiments I know, but still within the stability

bounds (044 <K, ... <2.29), while K, is similar to typical values of the Janssen

parameters.

Most of the output runs for settled pilings show a curious overshoot feature at the
transition between the decompression regime and the relaxed regime. Instead of an
overall smooth, monotonic stabilization of the measured mass near a minimum value, a
sudden and brief decrease followed by an increase to approach a plateau is observed. This
behavior might correspond to piling recompaction after the first rearrangement of the
piling. Given the relatively low initial compaction of the piling at the beginning of the
decompression regime, the first rearrangement may lead to a more compacted
configuration, which could explain the observed overshoot at the end of the piling

decompression. The shielding of the piling mass would then intensify. This specific
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piling response during descent demonstrates the importance of the procedure used to
form the piling and suggests that the role of water in the physics of intergranular contacts

may be augmented when pilings are formed by settling.

Role of water

The changes in the estimated Janssen parameters for the dry and immersed pilings
suggest that water-induced modifications of intergranular contact forces affect stress
redirection within the piling. The reduction in stress deflection observed for immersed
pilings presumably originates in water acting as a lubricant. Lubrication is known to have
a large effect on the frictional properties of intergranular contacts over a wide range of
dynamic regimes, including quasistatic conditions (Lesaffre et al. 2000). The thin water
film covering asperities on granular surfaces will tend to reduce the effective roughness
scale, and consequently the resistance of the intergranular contacts to sliding. Under the
same loading conditions, lubricated contacts will yield for a smaller value of the
tangential stress than dry contacts (Geminard et al. 1999; Losert et al. 2000), resulting in
a reduced ability for stress redirection within lowered pilings. At least some of the
reduction in the intensity of the stress redirection must occur during piling base descent
through piling readjustment occurring at the scale of intergranular contacts. Whether or
not a reduced stress redirection would occur if a piling was immersed but not lowered is
unclear.

In addition to lubrication, there are other effects associated with liquid saturation,
including fluid viscosity and cohesive interactions originating in chemical reactions.

Previous studies on saturated granular assemblies suggest that the role of fluid viscosity
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is not significant here, given the very slow descent velocity (Ancey 2001; Divoux and
Geminard 2007). Capillary bridges are known to play a role in partially saturated granular
assemblies, but are not relevant in this study (Gayvallet and Geminard 2002). Cohesive
interactions resulting from chemical reactions and causing an ageing behavior have been
reported even in the case of fully-saturated granular systems, but are not pertinent here
given the use of fresh water, the relatively large grain diameter and short duration of
experiment runs (Gayvallet and Geminard 2002). Dynamic forces exerted by the
interstitial liquid on the grains, including drag or non-uniform pore water pressure, are
most likely not relevant since the system is in a quasistatic regime.

As mentioned above (see sections 5.1 and 5.3), although current models for dry
pilings assume the internal friction angle can be replaced by the granular assembly repose
angle in the expression of the Janssen parameter, the saturated assemblies studied here
have essentially the same repose angle as the dry assembly and yet, they exhibit a
significant reduction in the Janssen parameter. Recent studies (Cassar et al. 2005; Jop et
al. 2006; Chevoir et al. 2009) have proposed that the rheology of saturated granular
layers under shear can be described by an effective friction. Results from numerical
simulations of the weak and strong force networks of granular packs during loading-
unloading cycle suggest the emergence of a macroscopic friction angle (Garcia and
Medina 2008). The effective or macroscopic, internal friction angle of the piling is
affected by saturation and packing ratio changes (Lesaffre et al. 2000) and therefore
accounts for differences in the mechanical response of dry, immersed and saturated

pilings.
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Limitations of the dataset

This section is a discussion of the limitations of the measurements, considering
the resolution of small features in the apparent mass at the piling base, the
characterization of the piling configuration, and the procedure chosen to saturate the
pilings.

There are constraints limiting the resolution of small amplitude variations in the
apparent mass. Oscillations of the apparent mass with piling height can only be detected
if their amplitude is larger than the variance in the ensemble mean, which is associated
with differences in piling configuration arising both between pilings of the same height
and between pilings of different heights. At initial consideration, it might seem that
investigating fluctuations in the apparent mass with height would be better achieved by
keeping the same piling and incrementally increasing its height, rather than by emptying
out the column between runs as in the current procedure. However, the interpretation of
the mechanical response of the piling to the load cell base descent procedure and the
subsequent choice of apparent mass would require re-examination under the incremental
pouring scenario. Pilings would be subjected to the base descent and associated wall
friction mobilization multiple times, which could induce piling inhomogeneity in the
vertical direction. In addition, the density of data points for tall pilings is insufficient to
observe small variations in the apparent mass superposed over the overall curve, i.e. any
oscillations occurring over small changes in piling height would be aliased in our
measurements. The data presented in a recent study (Liu ez al. 2009) exhibit oscillations

in the apparent mass during the asymptotic regime, with an amplitude of 5% of the
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asymptotic apparent mass. This observation constitutes interesting experimental evidence
of qualitative agreement with the predictions of the OSL model (Vanel et al. 2000).

Although the apparent mass at the piling base depends on the properties of the
intergranular contacts in the piling bulk and at the wall, the experiment does not collect
any direct information about the internal structure of the piling, such as the stress
distribution throughout the piling and at the walls, the intergranular contact angle
distribution and the coordination number. Besides, there is no assessment of the changes
in these internal properties as a consequence of usage-induced modifications of the grain
surface, nor when the overweight is applied. The absence of measurable differences in
the packing ratio between free-surface and overweight pilings (see section 2-3.2.3 and
2.2.4) does not preclude subtle changes in piling configuration, which could modify the
stiffness of the upper layers of the piling and the mobilization of wall friction during the
piling descent. The stiffness of the overweight does affect the piling behavior, which is
completely different when the overweight has the same mechanical properties as the
piling itself, as can be observed when the equivalent mass of grains is poured instead of
applying the overweight. The overweight does not exhibit by itself a shielding effect, i.e.
its mass is fully supported by the top layer of the piling.

Finally, the effects of the saturation procedures on the piling configuration are not
well characterized. Intergranular contacts created underwater may be different from those
created in air and then immersed because of differences in the kinetic energy of falling
grains between both formation methods. The viscosity of the thinning liquid layer as
grains come to close contact (Yang and Hunt 2008) could affect the mechanical

properties of the intergranular contacts for settled pilings. In addition, in the case of
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immersed pilings most grains are wetted before they get fully immersed as a result of
surface tension that acts in the pore space as in capillary tubes. At a given time, the grains
get wet on the few granular layers ahead of the raising water level, in a pattern similar to
percolation. The mechanical behavior of granular assemblies formed from wet grains is
known to be very different from that of dry or fully saturated assemblies and the
percolation-wetting process prior to immersion could induce temporary changes in the
stress distribution throughout the piling, leading to small readjustments.

Another issue with saturated pilings is the possibility that small air bubbles
remained trapped on the surface of grains, leaving regions of the intergranular contact
areas dry. Slowly raising the water level in immersed pilings helped prevent bubble
entrapment. Bubbles trapped between intergranular contacts increase grain buoyancy, but
I am confident that this effect is less than 0.1%. Root-mean-square roughness of the grain
surface is on the order of 100 nm, so any air trapped within intergranular contact regions
must lie within convex-shaped asperities — bubbles on this scale would be very rapidly
dissolved because of the Laplace pressure. However, observations of the damaged
surfaces of grains used during the experiments under a microscope with a magnification
factor of 200 did not reveal any convex asperities, suggesting that the contact regions
were free of air. Settled piling formation was accompanied by distinctly visible plumes of
small bubbles entrained by grains as they broke the water surface, but they were confined
to the upper 10 cm of the water column, which provided sufficient isolation from the
piling surface to prevent them being trapped in the piling.

There may be dynamic variations in the stress distribution within saturated pilings

associated with changes in the pore pressure. In the immersed case, although the flow rate
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was small and the piling geometry was not observed to be disturbed, adding water may
lead to temporary excess in the pore pressure in some parts of the assembly. Changes in
the stress distribution throughout the piling may also occur as the vertical gradient in pore
pressure is modified when stopping, or reversing in the case of settled pilings (see section
2-3.2.5), the water flow. Self-compaction, in the case of settled pilings, is another
mechanism that could create small, temporary pore pressure gradients in the vertical
direction. Numerical simulations on the filling of silos with saturated sand suggest that
the dissipation of the excess pore pressure occurs over several minutes (Abdel-Fattah et
al. 2006), so that pore pressure-induced changes in the stress distribution within the

piling may be relevant here.

The interpretation of piling response to load cell base descent and some implications
for modeling

The mechanical behavior of the piling during the descent of the load cell base is
important for a number of reasons. Firstly, it has consequences for the choice of apparent
mass, which is a fundamental metric for granular piling experiments. Secondly, it
provides clues to the heterogeneous distribution of stress within the column, which
depends on its formation procedure. Finally, constraints can be placed on the range of
displacements over which elastic behavior occurs, which has implications for modeling
the behavior of granular pilings during quasistatic base descent.

About piling decompression: a new regime - progressive friction mobilization and
choice of the apparent mass




64

The analysis of the degree of mobilization of the wall-to-grain friction along the
lateral piling boundary, which will also be referred to as the friction configuration, serves
as a basis for the choice of apparent mass. The friction configuration is a consequence of
the granular displacements during piling formation and in response to the time-varying
bottom boundary condition. Before the load cell base descent, the friction configuration is
heterogeneous. The friction mobilization for grains in contact with the wall depends on
the path they followed before coming to rest on the piling free-surface (de Gennes 1997)
and on modifications of the initial friction state due to compaction of the confined piling.
Upon formation, the piling compacts both under its own weight and under the weight of
the overlying granular matter subsequently poured. Since the displacement required to
achieve full friction mobilization, called the anchoring length, is estimated to be on the
order of 1 micrometer (Evesque and de Gennes 1998), the small downward displacement
due to compaction is central to the mobilization of wall-to-grain friction in the upward
orientation. Boundary conditions impose a negligible displacement at the bottom and top
of the piling, and the vertical displacement is maximal at mid-height, exceeding 1
micrometer for piling heights of a few centimeters or more. Because of the deformation
of the compliant load cell during piling formation, the upward force exerted by the load
cell tends to orient friction downward near the piling base, having an effect on wall-to-
grain friction opposite to compaction. Incidentally, the vertical displacements due to self-
compaction are smaller near the walls than at the center of the silo, due to lateral
boundary conditions. The difference is small but qualitatively crucial since it is

responsible for the shear stresses within the granular bulk.
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The initial friction configuration is modified by lowering the load cell base. Here,
the interpretation of the fluctuations in the measured mass during the load cell base
descent shows evidence of a decompression regime that had not been previously
identified as such. The reduction in measured mass between the start of piling base
motion and the stabilization of the measured mass near the minimum value of the relaxed
regime is not instantaneous, which is why I have interpreted this transition as a
progressive mobilization of the wall-to-grain friction. Numerical, discrete element
molecular dynamics simulations of confined granular pilings with moving walls also
exhibit upward propagation of the wall friction mobilization (Landry and Grest 2004). I
propose that the piling displacement in the system studied here is not simultaneous along
the piling height, as if the accommodation space made available by the piling base
descent was utilized to anchor the grains in contact with the wall and to loosen layers of
the piling little by little, from the bottom upward. The displacement required to fully
mobilize wall-to-grain friction for upper layers would be the sum of the typical anchoring
length and of the cumulative displacements necessary to the decompression and full
friction mobilization of the underlying layers. The apparent mass reduction could arise
not only from an increase of the lateral wall support owing to wall-to-grain friction
mobilization, but also from the formation of concave downward arches with a higher
stress-bearing capacity. In fact, at least in the lower section of the piling, the orientation
of the arches is likely to reverse from concave upward to concave downward, effectively
increasing the parameter K used in the Janssen model.

The choice of the apparent mass one e-folding scale after the beginning of the

decompression regime in the current study is appropriate to ensure a more homogeneous
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friction configuration at least over a height exceeding the shielding length. Since the
friction configuration is heterogeneous before the load cell base descent and is unchanged
during the elastic regime, it is not uniform over the piling height before the piling base
descent either, so that choosing the apparent mass at the end of the elastic regime would
not be adequate. As already mentioned (see section 2-4.6), a large reduction of the
variance in the measured mass is observed during the first e-folding scale of the
decompression regime, supporting the analysis of the changes in friction configuration.

The identification of a decompression regime constitutes the main difference
between our dry piling study and the work of Ovarlez et al. (2003). They do identify a
region of slow measured mass decrease lasting for 50 um or more after their linear
expansion regime (Ovarlez et al. 2003). Differences in aspects of the experiment set-up,
such as the stiffness of the load cell compared to other elements of the system, the ratio of
piling to grain diameters or specific properties of the column and granular materials used,
may explain the somewhat different piling responses.

Notwithstanding differences in piling base descent behavior, the main results
reported here are independent of the exact choice of the apparent mass. This was verified
by checking for a Janssen-like behavior when the apparent mass was chosen as the
measured mass either at the beginning or at the end of the load cell base descent. Of
course, these alternate choices result in an increase of the estimated shielding length
because of the lesser friction mobilization. But the overall effects of liquid-saturation and
of packing ratio modifications, assessed from their influence on the shielding length, are
the same. Previous studies on dynamic pilings with kinematic boundary conditions have

also shown evidence of a Janssen-like behavior (Vanel and Clement 1999; Bertho et al.
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2003b). The velocities were 10 to 10* times larger than our study and the experiment
procedures different from our study. Their results showed a large and instantaneous
reduction in the measured mass owing to friction mobilization, as expected, followed by
a relatively smaller increase in apparent mass occurring over a finite displacement. The
piling response they obtained after displacements 10° times larger than our study was
characteristic of a different regime, probably involving the dilatancy of the granular
piling. Dilatancy, in the sense first described by Reynolds (Reynolds 1885; Rowe 1969),
may be understood as the tendency of a dense assembly to expand in order to overcome
packing interlocking or imbrication when accommodating for shear strain. Although
dilatancy effects may influence the piling response even in the case of small
displacements, it seems unlikely that they are significant in our study (Ovarlez et al.
2003).

The displacement of the piling base during the load cell base descent almost
certainly exceeds the range of elastic deformation immediately after initiation of piling
motion and well before full friction mobilization. So does the total vertical strain of the
piling during the decompression regime, and probably during each relaxation oscillations
as well. Using the Hertz theory for the mechanics of solid contact interactions to estimate
the penetration depths, the change in the deformation of the grains at the piling base
associated with the decrease in measured mass during the decompression regime is on the
order of 5 nm, i.e. less than 1/3% of the load cell base descent in one second. Similarly,
the vertical asymptotic displacement of a confined elastic material of 10 cm in height is
about 10 nm, according to a solution derived within the framework of isotropic elasticity

and assuming stress and displacements are depth-independent in the limit of high depths
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(Ovarlez and Clement 2005). Plastic deformation of the granular piling presumably
occurs at the very beginning of the decompression regime. As a consequence, accounting
for plasticity, i.e. changes in the piling configuration, may be required for modeling the
change in measured mass under the time-varying bottom boundary condition. This is
consistent with recent observations of deviation from elasticity in high precision tri-axial
tests of granular assemblies at very low stress levels (30-400 kPa), where particle
crushing is unlikely to be significant (Kuwano and Jardine 2002a,b,2007).

The implication is that neither the Janssen model, which is an ad hoc model for
static pilings, nor elastic theory, which is not valid over the range of strains encountered
during load cell base descent, are adequate to predict the measured mass at the base of
granular pilings during the load cell base descent. However, as stated earlier, both of
these theories do encapsulate the effects of stress redirection, and therefore reproduce the
mass shielding behavior of free-surface granular pilings.

The relaxation oscillations: a window on the heterogeneous distribution of stress
within the pilings?

The relaxation oscillations observed during the load cell base descent, discussed
in section 3.1, consist in a brief, temporary increase in the apparent mass of the piling.
They are superposed on the background response of the piling to the load cell base
descent, which consists of a progressive friction mobilization followed by a steady
sliding or creeping behavior. The relaxation oscillations were observed in all of the
pilings, regardless of height and formation procedure. Occurring after the beginning of
the piling descent, i.e. during both the decompression and relaxed regimes, they show

how the intensity of the shielding mechanism adjusts to the slow downward displacement
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of the piling base. As such, they could probe the internal structure of the granular
assembly and provide information about the heterogeneous distribution of stress within
the pilings.

Although there is no definitive evidence whether the relaxation oscillations are
caused by changes in wall-to-grain friction, rearrangements within the piling, or both,
interpreting some of the characteristics of the relaxation oscillations, analyzing their
variability, and comparing them to similar features in other studies suggests that they are
associated with internal piling rearrangements. Firstly, the relaxation oscillations occur
roughly every 10 sec, i.e. every 15 to 20 micrometers of displacement, which is much
larger than the anchoring length (see section 2-6.6.1). In any case, the existence of a
regular pattern in the column wall asperities that could cause the regular spacing of the
relaxation oscillations is not expected given the wall surface preparation (see section 2-
3.1.1). Additionally, the relaxation oscillations occurring during the decompression
regime result in a net reduction in measured mass, but usually fall short of reaching the
minimum measured mass. If they were only reflecting wall friction mobilization, the
measured mass at the end of the relaxation oscillations would be expected to approach the
minimum measured mass, as is observed of relaxation oscillations occurring during the
relaxed regime.

Secondly, the amplitude of the relaxation oscillations varies by up to a factor of 4
between runs of fixed piling height and same piling formation procedure. Such
differences seem more likely to be caused by differences in piling configuration than by
run-to-run differences in the wall-to-grain contact interactions. Overall, the amplitude of

the relaxation oscillations increases with piling height, and so does mass shielding,
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consistent with an association of the relaxation oscillations with instabilities in the piling
configuration, which in turn are related to the intensity of the arching mechanism.
Similarly, the amplitude of the relaxation oscillations in the response of pilings of
intermediate heights is larger in the overweight case than in the free surface case,
consistent with a relationship between relaxation oscillations and arching, which both
increase in magnitude as the stress on the piling increases. In addition, the relaxation
oscillations have much smaller amplitudes in the settled case than in the immersed case
but the same frequency, while the wall friction is essentially unchanged (see section 2-
3.4). If relaxation oscillations were solely caused by changes in wall friction, the smaller
wall normal stress in the settled case compared to the immersed case should result in a
reduced oscillation frequency.

Finally, the relaxation oscillations follow a pattern different from the stick-slip
oscillations observed in a slightly different context in previous studies and associated
with wall friction (Ovarlez and Clement 2003). In their study, the base of the force sensor
was pushed upward through relatively large displacements (multiple grain diameters)
before lowering it, and the ratio of piling to grain diameters was smaller. Stick-slip
behavior consisting of a two-phase cycle, one of slow stress build-up without
displacement and one of sudden stress release with finite displacement, was observed
when the piling was pushed upward at slow velocities, up to around 2 micrometer/sec, at
which point a transition occurred to steady sliding. They also observed stick-slip
oscillations when the piling was lowered so that the vertical stress supported by the wall
showed a slow build-up while mobilizing wall friction followed by a sudden reduction

upon slippage, and the corresponding cycle on the measured mass consisted of a slow
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decrease followed by a sudden increase. In our study, the relaxation oscillations do not
show the dissymmetric pattern typical of stick-slip oscillations. The rate of change in
measured mass, augmentation and reduction, are very similar during the two phases of a
relaxation oscillation, which occupy only a portion, one half to one third, of the interval
separating two events. The nature of the relaxation oscillations provide some additional
support to the idea that they originate not only from wall friction but also from internal
piling rearrangements.

In the remainder of the section, I assume that the relaxation oscillations are
associated with modifications of the jammed piling configuration through adjustments to
the arching structure maintaining the piling stability. The rearrangements of the stress
distribution in the granular bulk may occur as the micrometric piling displacements
change the degree of anchoring of some grains at the wall or the mobilization of some
intergranular contacts. As a comparison, in the context of guided chutes corresponding to
emptying a silo by opening its base, the initiation of fractures within the piling has been
tentatively attributed to changes in the wall friction mobilization due to defects in
packing or to wall roughness fluctuations (Duran 2000). Here, for relaxation oscillations
occurring during the relaxed regime, the release of compression energy as sections of the
granular assembly loosen up is balanced by the storage of energy in the intergranular
contact network immediately reformed. The variations in mechanical energy could be
associated with local plastic yield accompanying piling rearrangements (Evesque and
Stefani 1991). Micrometric granular displacements involved in the partial readjustment of
the contact network into a new configuration result in large variations in the stress

observed at the scale of the entire assembly. Analogous features have been observed in
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different experiment conditions, either avalanches within the piling under temperature
fluctuations (Claudin and Bouchaud 1997), intermittent compact flow in hoppers (Bertho
et al. 2003a), and associated with large stress fluctuations. In a study on weakly vibrated
granular pilings, significant force fluctuations without appreciable grain motion have
been reported and attributed to activation of force networks (Umbanhowar and van Hecke
2005). Similarly, the relaxation oscillations could be interpreted as arch failures followed
by the transfer of out of balance stresses to other arches. Arches collapse when the stress
locally exceeds their threshold, because of changes either in the stress they carry or in
their failure threshold. Successive formation and destruction of arches was observed in
studies of size segregation (Duran et al. 1994) and drag force fluctuations (Geng and
Behringer 2005) in two-dimensional granular assemblies. A comparable process
involving breaking and reforming of force chains has been invoked to explain
observations of creep during loading of confined granular media at low stress levels
(Kuwano and Jardine 2002a). Thus, our measurements indicate that the adjustment of the
piling to a time-varying bottom boundary condition involves non-uniform, plastic
deformation associated with changes in piling stiffness. This preliminary interpretation
may be of interest for modeling considerations, as it suggests that non-elastic components
of strain may play a large role in determining the stress distribution in granular
assemblies. Accordingly, previous studies have proposed that rare events, where piling
rearrangements involve large displacements of individual grains relative to neighboring
grains, may play a central role in the relaxation of granular materials (Ribiere et al.

2005).
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Although a detailed analysis of the variability in the relaxation oscillations is
beyond the scope of this article, some qualitative comments on the piling mechanical
behavior can be made from additional features observed in their amplitude variations and
their frequency. Relaxation oscillations of larger amplitudes are observed for dry run
outputs compared to immersed runs, suggesting that saturating the pilings affects some of
the dynamic features of their mechanical response, i.e. the internal piling rearrangements,
in addition to modifying the overall piling behavior, i.e. the change in apparent mass with
poured mass (see sections 5.3 and 5.4). The effect of saturation on the dynamical
response of granular assemblies has been observed previously. The occurrence of the
transition between the stick-slip and sliding regimes at a slower shear velocity in
immersed granular layers than in dry layers was attributed to the reduction in
intergranular contact friction induced by lubrication (Geminard ef al. 1999). Incidentally,
the relaxation oscillations are very often paired in the dry case. The occurrence of double
peaks probably reflects a particular mechanism related to dry wall-to-grain contacts or to
dry intergranular contacts involved in bulk piling rearrangements. In addition, the
amplitude of the relaxation oscillations is larger in the immersed case than in the settled
case, reinforcing the idea that changes in the packing ratio or maybe in the intergranular
contact properties due to the piling formation procedure result in changes in the
mechanical response of the piling. Another interesting feature of the relaxation
oscillations is their periodicity, which is rather consistent throughout the entire dataset,
and may be interpreted in terms of a length scale characteristic of the heterogeneity in the
stress distribution within the piling. The typical length scale associated with stress

gradients within granular assemblies, such as the length or the spacing of force lines, or
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the width of shear zones, is on the order of 10 grain diameters (de Gennes 1999;
Pouliquen and Chevoir 2002). Although the scale of our laboratory set-up may not be
sufficient to exactly reproduce the behavior of real-size granular systems, the size of the
pilings investigated here is about 5 to 10 times this sub-system length scale, which lends
a particular significance to our results, especially in the perspective of their relevance for

modeling granular assemblies using continuum theories.

CONCLUDING REMARKS

Column experiments have been done for dry and saturated granular assemblies of
glass spheres. The change in the mass measured at the base of the pilings during the
descent was analyzed in detail to define the choice of the apparent mass, yielding a
reduction in the variance in the ensemble piling mass. The results for the piling apparent
mass were analyzed in the framework of the Janssen model. Experiments on dry pilings
confirmed the results obtained in prior studies, consistent with the shielding effect arising
from stress redirection within the piling and wall friction. Experiments on liquid-
saturated granular pilings showed commonality of behavior, suggesting that similar
physics are relevant in dry and immersed assemblies, at the scale of intergranular
contacts. The stress redirection effect was less efficient in liquid-saturated pilings,
possibly due to a reduction of the grain-to-grain friction by lubrication of the
intergranular contacts. In addition, a regime of progressive decompression of the piling
was identified during the quasistatic descent of the piling, together with transient features

interpreted as relaxation-oscillations, both of which have implications for modeling the
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mechanical response of granular assemblies. Theories for granular matter are expected to
reproduce the stress heterogeneities and the large stress fluctuations associated with
minute deformations that are observed at least at scales typical of laboratory experiments.

This work has a number of implications, including application to geophysical
problems such as sediment transport. In the study of beach and nearshore processes,
measurements of sediment fluxes are generally concerned with the suspended and
bedload contributions, considering the seabed below the bedload layer as immobile
(Fredsee and Deigaard 1992; Nielsen 1992). Yet the hydrodynamic forcing from wave
and currents and the seafloor morphology may affect the stress distribution within the
upper layer of the seabed, at depths of a few hundred grain diameters (see Chapter 5 of
the dissertation). Granular scale displacements and changes in the packing arrangement
may influence the stability and erodability of sediments much below the bedload layer,
giving rise to an active layer. In addition, theories for the rheology of saturated granular
materials could be applied to modeling submarine canyon formation, slope failure and
landslide motion (Iverson and Vallance 2001; Friedmann et al. 2003; Mangeney et al.
2007; Abrams et al. 2009). Proper assessment of slope stability is critical to mitigate the
risks associated with submarine failures and avalanches, which constitute a threat for
underwater infrastructures like oil rigs, and have the potential to trigger tsunamis. Finally,
better understanding of the mechanical behavior of saturated granular materials, for
example in the case of loading on structures, settlement and scouring, will benefit the
design of underwater constructions.

The effect of the interstitial water on the stress redirection mechanism evidenced

in this work deserves further investigation by experimental studies of the influence of the
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liquid properties, such as lubrication (Cain et al. 2000), pH (Gayvallet and Geminard
2002) and viscosity (Lesaffre et al. 2000), on the stress redirection effect in saturated
pilings. More precise measurements of the packing ratio and the stress distribution within
the piling would be a critical step forward in understanding the relationship between the
stress redirection effect, the piling density and the heterogeneity of the force distribution
at intergranular contacts. The piling to grain diameter ratio may affect the mechanisms of
stress propagation, which calls for studies of scaling effects, bearing in mind that
doubling the piling size amounts to handling 8 times as many grains. In the context of
underwater sediment dynamics, more complex experiments studying the piling response
to hydrodynamic forcing, such as periodic wave loading, may uncover features in the
mechanical response of saturated granular matter involving a coupling between the

granular and liquid phases.
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Figure 2-1: A schematic of the experiment setup. A. Diagrams of the
apparatus used to measure the apparent mass at the base of
the granular piling. The diagram on the left shows the piling
before the descent of the load cell base. The diagram on the
right shows the displacements of the piling and the load cell
after descent of the load cell base. B. Pictures of the apparatus
showing: 1. the entire column, 2. an expansion of the base of
the piling and 3. an expansion of the glass beads
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Figure 2-2: Run outputs. A. Change in mass measured at the base of the

piling as a function of the load cell base downward
displacement. Each black curve is the output of a single run.
Three runs from the dry free-surface dataset for different piling
heights are displayed and labeled by the corresponding
apparent mass. The circles denote the point during the run
corresponding to the apparent mass at the base of the piling.
The squares in the upper, left corner denote the point at which
the piling base begins to move (see Fig. 2-2B). The gray lines
show an exponential fit to each of the three runs. B. An
expanded view of the middle run in Fig. 2-2A, showing the mass
measured at the base of the piling as a function of the load cell
base downward displacement. The three annotated regimes are
discussed in the text
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Figure 2-3: The average slope of the run output for each of the 3 regimes

identified in Fig. 2-2B, showing the dry free-surface dataset.
Absolute values of average slopes are expressed in mV per
micrometer of load cell base displacement and plotted as a
function of the average load cell voltage during each regime.
Regime | is displayed with squares, regime Il with circles and
regime Il with triangles. Each point corresponds to the
ensemble mean of all the repeated runs for a fixed piling height
of the dry free-surface dataset. The thick black line shows the
load cell stiffness obtained from calibration of the load cell
response. The pair of thin black lines represents the standard
deviation of the load cell stiffness. The thin lines crossing over
each data point correspond to the standard deviations of the
ensemble means
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Figure 2-4: Analysis of the piling base and load cell mechanical response.
Piling base displacement and load cell expansion versus load
cell base displacement for the run output in Fig. 2-2B. The thick
solid line represents the displacement of the piling base
(positive displacement corresponds to downward motion). The
thick dashed line represents the expansion of the load cell. The
thin dotted line is the sum of the previous two curves, showing
the displacement that would be observed for the piling base if
the load cell had no compliance. The circle denotes the
displacement of the load cell base at which the apparent mass
is obtained. The square marks the point at which the piling
base begins to descend. The thin solid curve is the absolute
value of the slope of the run output expressed in mV per
micrometer of load cell base displacement and corresponding
to the vertical axis in the right
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Figure 2-5: The average slope of the run output for each of the 3 regimes
identified in Fig. 2-2B, showing four datasets. See the caption
of Fig. 2-3 for a description of the plot elements. The standard
deviations of the ensemble means are not displayed. Each
color represents a dataset. The dry free-surface is in black, the
dry overweight in blue, the immersed free-surface in green and
the immersed overweight in red
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Figure 2-6: Piling base displacement at the point at which the apparent
mass is obtained. Each point along one of the thick lines is an
ensemble mean of all repeated runs for a fixed piling height,
plotted against the piling height. The same four datasets as in
Fig. 2-5 are displayed. Light vertical lines are the standard
deviations of the ensemble means for selected points
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Figure 2-7: Descent procedure and measurement fluctuations. A. Standard
deviation of the mass at the piling base measured at different
stages of load cell base descent, plotted as a function the mass
of grains poured. Dotted and dashed lines respectively
correspond to measurements at the beginning and end of
regime | (see Fig. 2-2B). The thick solid line corresponds to the
apparent mass obtained within regime Il (see Fig. 2-2B). B. Plot
of the standard deviation of the apparent mass against the
poured mass. Thick and thin solid lines correspond
respectively to the dry free-surface and dry overweight
datasets. Thick and thin dashed lines correspond respectively
to the immersed free-surface and immersed overweight
datasets
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Figure 2-8: Usage trend. A. Apparent mass versus grain usage number for

a selected piling height. Circles represent data points and the
line is a linear, least-mean-square fit to the data. B. Plot of the
slope of the linear fit as a function of poured mass. Each data
point corresponds to the trend in apparent mass versus usage
number for a fixed piling height. See the caption of Fig. 2-7B for
an explanation of the correspondence between line types and
datasets. C. Influence of the trend on the standard deviation of
the apparent mass, plotted against poured mass. The two solid
lines correspond to the dry free-surface dataset and the two
dashed lines to the free-surface immersed dataset. In both
cases, the thick and thin lines respectively correspond to
apparent mass without and with detrending of the change in
mass associated with usage number (see Fig. 2-8A, B)
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Figure 2-9: Apparent mass plotted as a function of poured mass. Each

point corresponds to the ensemble mean of all the repeated
runs for a fixed piling height. Squares and triangles
respectively correspond to the free-surface and overweight
datasets. The gray curve shows a Janssen model fit to the free-
surface data. The oblique gray lines represent the lithostatic
behavior. The vertical line corresponds to the standard
deviation of one point selected from the free-surface dataset
and representative of the asymptotic regime. A. Dry datasets. B.
Immersed datasets
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Figure 2-10: Overshoot effect compared to data from previous literature.
Apparent mass versus poured mass, both normalized by the
asymptotic mass. Solid and dashed black lines correspond to
the dry overweight and immersed overweight datasets
collected by the authors for the present study. Each point
corresponds to the ensemble mean of all the repeated runs for
a fixed piling height. Gray curves are data published by other
researchers using slightly different experiment and data
analysis procedures. The solid gray line comes from (Ovarlez et
al. 2003) and the dashed and dash-dot lines from (Vanel et al.
2000)
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Figure 2-11: Effect of the addition of water. Squares and triangles
respectively correspond to the dry and immersed free-surface
datasets. Each point corresponds to the ensemble mean of all
the repeated runs for a fixed piling height. The gray curves
show a Janssen model fit to both datasets. The oblique gray
line represents the lithostatic behavior. A. Apparent mass
versus poured mass. The vertical lines correspond to the
standard deviation of one point selected from each dataset and
representative of the asymptotic regime. B. Apparent piling
height versus actual piling height
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Figure 2-12: Effect of the pouring procedure comparing both immersed
free-surface datasets. Squares and triangles respectively
correspond to the settling and immersion procedures. See Fig.
2-11 for a description of the additional lines. A. Apparent mass
versus poured mass. B. Apparent piling height versus actual
piling height
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Figure 2-13: Measured piling heights versus poured mass for both
immersed free-surface datasets. Each point corresponds to the
ensemble means of the measured piling heights for a fixed
expected piling height corresponding to a fixed poured mass.
Squares and triangles respectively correspond to the settling
and submersion procedures. The two lines are a first order fit to
each dataset
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ABSTRACT

Measurements of the apparent mass at the base of dry and saturated granular
pilings, without and with overweight, are compared with predictions for stresses in static,
confined pilings, which are obtained from numerical implementation of the Oriented
Stress Linearity (OSL) model. The OSL model provides a better description of free-
surface data than Janssen model and performs equally well as a modified Janssen model
involving a lithostatic base layer. The OSL model is capable of predicting the overshoot
observed for overweight pilings but also shows intrinsic oscillations that are not observed
in the experimental data. The efficacy of mass shielding is observed to decrease for
saturated pilings and for pilings with decreasing packing ratios. This result is discussed in
the light of changes in the OSL model parameters estimated from the data. Despite
limitations in both its conceptual foundation and its predictive power, the OSL model
allows interpretation of the arching behavior of granular pilings in terms of arch direction
and friction angle along arches. The oscillations predicted by the OSL model, which are
most prominent in the fit to overweight datasets, could not be damped by allowing

random fluctuations of the arching angle about its mean.
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INTRODUCTION

Granular systems reveal a variety of complex responses to forcing and the
description of their mechanical behavior by existing theories can sometimes be
inadequate, thus leaving the research field of granular matter still quite open for
theoretical and experimental studies (Jaeger et al. 1996; Duran 2000; Mehta 2007). Even
in configurations that may seem simple, the spatial and temporal heterogeneity intrinsic
to granular assemblies hinders the understanding and prediction of their macroscopic
properties, which are determined by the collective behavior of individual grains (Mehta
2007). Heterogeneities in the internal structure of granular materials and in their
subsequent response to excitation or perturbations are associated with heterogeneities in
the displacements of grains (Dauchot et al 2005). The existence of long-range
correlations and non-local behavior raises the question of the role of discontinuities in the
strain and stress fields and their significance in the characterization of a mesoscopic
homogeneous scale (Luding 2005). Along with the difficulty in defining and measuring
displacements within granular media (Cates et al. 1998a; Savage 1998; de Gennes 1999),
the afore-mentioned characteristics constitute a major hurdle in devising a comprehensive
theory of granular matter. At this time, the expression of a macroscopic closure relation
from microscopic granular physics is a widely debated topic.

A classic approach based on the framework of elasticity and plasticity theories
adopts an incremental description of stress-strain relationships with a decomposition of
deformation into elastic and plastic parts (Lubarda 2002; Rao et al. 2008). The stress field

is maintained by reversible, elastic displacements that store granular energy while
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irreversible, plastic displacements involving sliding and rolling of grains are dissipative.
Closure relations in the form of yield conditions and flow rules require introducing
rheological parameters based on granular effects, such as dilatancy or Mohr-Coulomb
plasticity, and which are determined from tri-axial tests. Memory effects accounting for
the dependence on the preparation history can be encoded by the compaction of the
system (Brauer et al. 2006).

Hypoelastic or hypoplastic theories (Kolymbas 2000) do not require yield
conditions nor flow rules and assume that the stress rate tensor is a function of the stress
tensor, strain rate tensor and the packing ratio, with the dependence in the strain rate
tensor being linear or incrementally non-linear, respectively (Rao et al. 2008). Such
models, which show dilatancy effects and stress-level dependence, can also describe the
scale effects associated with shear bands, provided a characteristic length is introduced.
This is done in the micro-polar hypoplastic model by accounting for rotations, which are
observed in granular materials under shear, and couple stresses (Tejchman and Wu 2008)
following the Cosserat model. The dependence on the preparation history is considered
through the effect of the direction of deformation rate. Although the model parameters
can be related to the granulometric properties of the materials (Tejchman and Wu 2008),
these models lack an appealing physical basis in particular regarding the significance of
the choice of the Jaumann derivative of the stress as the frame indifferent stress rate
tensor (Rao et al. 2008).

The recently proposed OSL model (Bouchaud et al. 1995; Wittmer et al. 1997;
Cates et al. 1998a; Claudin 1999) is also developed as a continuum model but its closure

equation is derived by assuming a local propagation rule for stresses which depends on
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the construction history rather than on the strain. Based on the concept of fragile matter
(Cates et al. 1998b), where the material responds linearly to loads compatible with its
internal structure and reorganizes plastically for others, the OSL approach consists in a
physical model of force chains. A preferred direction of yield is assumed, along which
the shear strength of the material is reduced. The resulting stress-only constitutive
relation renders the existence of long range structures associated with the disordered,
anisotropic contact force network. Combining the above closure with the stress continuity
equations gives hyperbolic equations for the stress field, in contrast with elliptic-
hyperbolic equations in the case of elastoplastic theories. The equivalent of a wave
equation for stress propagation is obtained in two dimensional configurations, with the
vertical direction replacing the temporal coordinate, and where physical force chains or
stress paths become mathematic characteristics of the hyperbolic equations (Bouchaud et
al. 1995; Claudin 1999).

The validity of the OSL approach is controversial. That the strain tensor is not
considered when modeling stresses within granular materials using the framework of
continuum mechanics is seen as major shortcoming of the OSL model by a large part of
the research community (Savage 1997; Savage 1998; Didwania et al. 2000). The idea
that, within a range of compatible loads, the stress response of granular systems can be
determined solely from a stress propagation rule and without further specifying the
configuration, is rejected by some, on the basis that a such approach mixes macroscopic
and microscopic arguments without establishing a proper transition between scales.
Conversely, leaving strain aside obviates questions associated with the significance of a

displacement field for granular materials and lifts the inconsistency between the



105

reproducibility of some experimental observations on granular systems and their
unpredictability by theories that require strain to be specified (Cates et al. 1998a; Savage
1998). In any case, keeping in mind the above reservations, the OSL successfully
reproduces several observations typical of granular materials and captures at least some
of the physics of force chains (Wittmer et al. 1996). As such, it most likely provides valid
insights that are not offered by more conventional theories of granular mechanics.

Force chains, which play a central role in the OSL model, consist of chainlike
groups of particles with above average contact force (Cates er al. 1998b). Their main
orientation appears to correspond with the direction of the most compressive principal
stress exerted on the material (Peters et al. 2005). Spatially organized into a force
network, the grains aligned along force chains bear the majority of the load of the
granular assembly. Also called arches, or granular bridges, they are a manifestation of the
heterogeneity of granular systems. The existence of force chains is confirmed by direct
observations (Majmudar and Behringer 2005; Sanfratello et al. 2009), indirect inference
from fluctuations in experimental measurements (Geng and Behringer 2005) and
numerical simulations (Fortin et al. 2005; Peters et al. 2005; Tordesillas et al. 2009).
Their presence is equally well recognized among the engineering, soil mechanics and
physics communities (Kuwano and Jardine 2002; Fortin et al. 2005; Majmudar and
Behringer 2005). Yet, at present there is no consensus on the modeling of the effects
induced by force chains on the mechanical behavior of granular materials (Socolar et al.
2002; Tordesillas et al. 2009). Further, despite many investigations on force chains and
discussions on their role, quantitative methods to characterize and determine force chains

have been proposed only recently (Peters et al. 2005).
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The focus of this work is on the determination of the stress at the base of dry and
saturated granular pilings confined in columns for the analysis of experimental data on
the apparent mass measured at the base of such pilings (Le Dantec and Deane 2009). The
silo is a classic example of a granular system where spatial heterogeneities in the material
have long been known to have significant mechanical effects, but where such effects are
still incompletely understood and modeled at this point (Duran 2000). Obviously, stress
redirection has been identified, together with wall friction, as responsible for the
observed, progressive shielding of the piling mass with increasing height (Nedderman
1992; Duran 2000). Janssen model, although imperfect in many ways (Le Dantec and
Deane 2009), reproduces the shielding effect with reasonable accuracy and is generally
recommended for its simplicity (Nedderman 1992). However, it does not capture other
effects, including the lithostatic behavior observed in the lower region of the piling and
the non-monotonic response observed when an overweight is applied on top of the piling.
It 1s also unable to predict the large scatter in the measurements of the mass at the base of
pilings, the strong dependence of the measured mass on the filling procedure and the
stress fluctuations and jamming effects observed during discharge. These features, some
of which are not so subtle, are related to granular arches and the heterogeneities within
the piling.

Numerous refinements on the Janssen model have been proposed (Nedderman
1992). There are also other analyses based on the framework of elastoplasticity
(Nedderman 1992), which is the theoretical approach generally used in soil mechanics,
or, less frequently, hypoplasticity, and rarely hybrid models with viscosity (Tejchman

1998; Rao et al. 2008). They often propose numerical solutions obtained through Discrete



107

or Finite Element Methods, which are more practical and reveal more realistic than
simplified analytical solutions. Results are usually confronted with the predictions of
Janssen model. The most common models of such type are the Coulomb method of
wedges and the method of characteristics (Nedderman 1992), both of which appear to
share some features with the OSL model (see section 3-3.2 for a description of the OSL
model). The Coulomb method of wedges assumes a constant angle for yield surfaces and
is essentially a 2-dimensional solution which can yet be applied to the case of a
cylindrical geometry (Bagster and Nedderman 1985; Nedderman 1992). The method of
characteristics exhibits oscillations in the predicted apparent mass, which arise from
discontinuities in the boundary conditions that are reflected downward at the sidewalls
and centerline (Horne and Nedderman 1976).

The lack of reproducible, trusted data and benchmark scenarios that would be
more selective or ambitious than the sole mass shielding effect prevents from testing and
comparatively differentiating such theories (Rotter et al. 1998). Overall, it is not clear
that they provide significant improvement over Janssen model (Nedderman 1992).
Furthermore, comparisons of recent experimental measurements on dry granular pilings
with the predictions obtained from the method of characteristics under the hypothesis that
the material is everywhere at the threshold of Coulomb failure show rather large
discrepancies, indicating that this assumption is too constraining and inadequate (Claudin
1999). It can be expected that a refined analysis consisting in a full elastoplastic treatment
where only certain parts of the assembly are at the threshold of yield, as it has been done
in the case of sand piles using the method characteristics (Didwania et al. 2000), would

improve this result. In any case, among conventional models following a continuum
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mechanics approach, the authors are not aware of an exact analysis focusing specifically
on granular arches and heterogeneities within the piling, and explicitly considering the
aforementioned effects associated with force chains.

Recent experiments on granular pilings at the laboratory scale have motivated
interesting contributions to the topic of the mechanical response of confined granular
pilings (Le Dantec and Deane 2009). In particular, a simple yet effective modification to
Janssen model has been proposed, consisting in introducing a lithostatic layer, devoid of
stress redirection effect, at the bottom of the piling (Vanel and Clement 1999). Another
ad-hoc decomposition of the piling in two layers has been suggested as an extension of
Janssen model in order to accommodate for the stiffening of the upper region of the
piling when an overweight is placed on its free-surface (Ovarlez and Clement 2005). The
stress fluctuations observed in the measured mass at the piling base have been
investigated by adapting the g-model, a scalar model for stress propagation, to allow the
formation of arches (Claudin and Bouchaud 1997). Note that the scaling of the
predictions of the g-model with the piling size was subsequently shown to be inconsistent
with measurements (Ovarlez et al. 2003). Finally, the OSL model, initially developed to
study arching in sandpiles, has also been applied to the configuration of confined granular
pilings (Claudin 1999; Vanel et al. 2000). It outperforms Janssen model and is equivalent
to the modified Janssen model in the case of free-surface pilings. More importantly, it is
the only model able to reproduce the response observed when an overweight is applied on
top of the piling, with the notable weakness of also predicting resonant oscillations. Such
oscillations are not observed experimentally and, if they exist, have a much smaller

amplitude than their counterparts in the OSL model.
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The usage of the term arching to denote stress redirection as well as the formation
of granular arches, a definition which differs from the normal meaning of arching in soil
mechanics, as already mentioned earlier in the dissertation, can perhaps be supported by
the following comment. According to the stress propagation rule proposed in the OSL
model (see section 3-3.2.1), the material is assumed to be at the limit of slippage along
certain directions that are determined by the internal structure of the assembly. i.e. lateral
stress deflection occurs through stress transmission along force chains. (Bouchaud et al.
1995; Claudin 1999). The approach is consistent with (but not equivalent to) the usual
concept of arching since stress transfer is accompanied by localized yielding.

The objective of this paper is to interpret the effect of saturation of granular
pilings on arching mechanisms in the light of the OSL model, notwithstanding the
deficiencies of the latter. Measurements have been acquired on dry and saturated pilings,
without and with an overweight. Experiments and data analysis were carefully conducted
to guarantee the reproducibility of the data (Le Dantec and Deane 2009). Rather than
evaluating the performance of the OSL model, the purpose here is to exploit the
correspondence between physical arches and characteristics along which stress is
propagated in the model. With the exception of the modified Janssen model in the free-
surface case and the Janssen model for reference, other available theories mentioned
above will not be used. Given that their performance is usually assessed by comparison
with Janssen model, the latter can serve as a proxy for them. In addition, they do not
readily apply to the overweight case nor offer the possibility of inverting variables
characterizing the internal structure of the material from model parameters. The

organization of the paper is as follows. First the theory and its numerical implementation
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are described, then the experimental methods are recalled and the data regression
procedure is explained. Model fits are presented and the results of parameter estimations
are discussed. The effects of saturation, packing ratio and overweight loading on the
arching mechanism are interpreted using the OSL model metrics: the arching angle and
the internal friction angle along arches (Claudin 1999; Vanel et al. 2000). Finally, a
simple, vain attempt at introducing fluctuations in the arching angle to damp the

oscillations predicted by the model is reported.

THEORETICAL ANALYSIS

Force balance
Stress continuity follows from the force balance on a continuum body in static
equilibrium,

Vo.=F,, (1)
whereo; is the stress tensor, which is symmetric (aij =o"/.l.) due to the balance of
moments, and F; represents the body forces (in this case, F; = pg;, where p is the bulk
density of the granular material and g, is the acceleration of gravity). The cylindrical

polar coordinates (r,,z) are a natural choice for the piling geometry, with z the vertical
axis oriented downward. The stress continuity can be rewritten as
0.0.+0,0,.=pg—o,[r,and (2)

azarz +aro-rr = _(Urr _U(p(p)/r’ (3)
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since 0,0, =0 and o,, =0, =0 follow from exploiting the axial symmetry around the

vertical axis taken to coincide with the central axis of the piling » = 0. Four components

of the stress tensor are left to be determined so that 2 closure equations are required.

The OSL model

Texture tensor, arching and effective friction angles, and characteristics

Here the OSL approach is described, following the presentation of the model
given in (Bouchaud et al. 1995; Wittmer et al. 1997; Cates et al. 1998a; Claudin 1999;
Vanel et al. 2000), to which the reader is referred for further details. To obtain the
additional equations required to close the system of equations (2-3), the OSL model
assumes that the internal structure of a granular assembly yields definite relations
between components of the stress tensor (see section 3-2). The choice for the stress-only
relationships is then motivated by the objective of capturing the microscopic physics of
grain-to-grain contacts. This is done by taking into account the spatial arrangement of the
grains within the material, which is known to strongly affect its mechanical behavior, for
example its stiffness. The geometrical configuration of the grains is encoded in a texture
tensor characterizing the orientation of the contacts between a grain and its neighbors.
The observed anisotropy of the texture tensor reflects the existence of preferred direction
of alignment between grains. The principal axes of the texture tensor can be associated
with the force chains observed in granular materials. Such collective, chain-like
structures that take the form of arches, are though to play the role of preferred paths for

stress propagation within the assembly. In a (,z) plane, a local set of normal axes (m,7)

can be defined from the contact orientation, with the local arch direction defined by its
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angle 7 measured counterclockwise from the downward vertical axis, as shown in Fig. 3-
1.

The OSL model assumes that the friction between parallel arches or force chains

is fully mobilized with an effective friction angley , which can be written as

o, =tanyo, . 4)

The angle y can be positive or negative, depending on the direction of the tangential
force along the arch, respectively either outward or inward, which corresponds to a
situation of active or passive failure, when filling or emptying a silo. Obviously, |y |< ¢',
where @' is the internal friction angle of the material. Practically, equation (4) means that
the granular material will yield under a shear stress exceeding tan¢ times the normal
stress, except along the direction 7 of the arches where yield will occur for a smaller
shear stress in excess of tany times the normal stress. This effect can be described as an
anisotropic frictional behavior: ¢'(r)=y and ¢'(7)=¢' if 7 #7, with 7 spanning
orientations in the (r,z) plane.

The system of equations (2-4) is hyperbolic, i.e. takes a simplified form along
curves that are called characteristics, and along which the variables, here the stresses, are
propagated. In two-dimensional coordinates, an anisotropic wave equation is recovered
(see section 3-3.2.3). The characteristics of the stress propagation equations respectively
make an angle 7 and 7 —w —7/2 with the vertical axis (see Fig. 3-1), noting that the
second angle is negative. An important property of the closure equation (4) is that the

characteristics coincide with the granular force chains, which suggests that the

constitutive relation successfully mimics the internal arching structure of the material.
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The OSL relation

In order to simplify the resolution of the equations (2-4), the OSL model assumes
constant arching and effective friction angles throughout the material. Then equation (4)
can be rewritten, in cylindrical polar coordinates, as

0, =70 + U0, ®)

which is the OSL equation, where
n=—tanttan(r —y —7/2), and (6)
u=tanz +tan(r —y — 7/2). (7)

The strong constraint of constant 7 and  may be justified in some systems such
as the confined pilings studied in this work. In general, unless a system is perturbed, the
internal structure is believed to be determined by the formation history of the material for
grains are expected to keep their configuration once buried, as a memory effect. The
texture of granular materials prepared following a consistent protocol is likely to be
uniform since most grains will probably have similar orientations of their contacts with
neighbors when they come to rest.

A second relation is required to obtain a closed equation system. o,, =0, is
assumed, on the basis that it is consistent with the symmetry of the piling configuration
which imposes this relation at » =0 and that the particular form of the second relation
has been shown to have little influence on the numerical simulations. In addition, this

choice further simplifies the equation system, which is now

aZGZZ + a)"GrZ = pg. - GVZ /r (2)
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0.0,+0,0, =0 (8)
o-rr = no-zz + /uo-rz > (5)

and will be solved numerically (see section 3-4.1).

Analytical OSL solution in two dimensional configurations

In this section, the preliminary steps of a geometric solution for a two dimensional
configuration are outlined to illustrate the propagative nature of the equation system. In a

Cartesian coordinate system (x,z), still with a downward vertical axis, the above

equations become

azo-zz +8xo-xz = pg (9)
0.0, +0,0, =0 (10)
O-xx = no-zz +1Ll | O-xz |’ (11)

where the OSL relation has been slightly modified to satisfy the symmetry constraint. By

defining two propagation velocities

e, = s van), (12
the equation system (9-11) can be transformed into
0,0 —c,o.)=(c./le, —c)pg (13)
0,(c.—co.)=(-c/lc. —c)pg. (14)
with the change of variables u =x—-c,z and v=x—-c z.
The hybrid variables o _ —c,o_ are propagated in the (x, z) plane along lines of

constant slopes c, that are the characteristics of the equation system. This observation is
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important for the numerical implementation of the solution in the three dimensional
geometry of the piling, as it sets constraints on the vertical to horizontal grid size ratio.

In addition, as mentioned earlier and as a counterpart to the geometrical view of
ray propagation, the equation system (9-11) can also be rewritten in the form of a wave
propagation equation,

(6z - c,ox) 6z - c_@x)al.j =0. (15)

This equation is satisfied by the components of the stress tensor and solutions take the

general form
0. =pgz+f(x—cz)-f(x-cz) (16)
o, :c+f+(x—c+z)—c_f_(x—c_z). (17)
The wave-like nature of the solutions to the equation system is evident in the numerical

simulations shown below.

Janssen and modified Janssen models

A presentation of Janssen analysis can found in (Nedderman 1992; de Gennes
1999; Duran 2000; Sperl 2006; Le Dantec and Deane 2009), including discussion on the
limitations of the model, and only a brief outline is given here. Janssen model really is
one dimensional as the stresses are only allowed to vary with depth. The force balance for

a horizontal slab can be written as
0. 27mRdz + o (z +d2)nR* = pgaR’dz + o (2)7R*, (18)
where R is the radius of the piling. Full mobilization of the Coulomb friction at the

wallo. = p o, and the constitutive relation o, = Ko _ are assumed, with g, the wall-
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to-grain friction coefficient (4, =tan@, where 6 is the wall friction angle) and K the
Janssen parameter (Le Dantec and Deane 2009). Then equation (18) becomes
do_|dz—pg+o_./A=0,with (19)
A=R/2K tan6 (20)
and the boundary condition o_(0)=Q at the top of the piling. The solution for the

apparent mass at the base of the piling is

M M {l { Mpour ]} Q ( Mpour ] . h (21)
oy =M | I=eXp| ——— | |+ Jexp| — , Wit
" 8 Masym Masym
3
M., = prR [2K tan @ . (22)

The modified Janssen model (Vanel et al. 1998) is an ad-hoc elaboration on
Janssen model including a layer with a lithostatic behavior at the base of the piling,
consistent with experimental (Vanel et al. 1998), numerical (Landry et al. 2003) and
theoretical (Evesque and de Gennes 1998) results. No mass shielding occurs below a

height H,, . The typical Janssen picture applies above this layer. The relation between

apparent and poured masses in the free-surface case is

M, =M if z<H,,, ,and otherwise

pour > litho »

M pour — Mo (23)
M”PP = Mlitho + (Mgsym - Mlitho 1- exp| — W ,

asym litho
with M,, = prR’H,, . Such an extension cannot be derived as a rigorous solution of

equation (19) with the appropriate change of vertical coordinate to account for the

lithostatic layer. It is not readily applicable to the overweight scenario.
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Comparison between Janssen model and the OSL model

Constitutive relations

In the particular case where u =0, corresponding to a material with a property of
local symmetry, i.e. where the force lines are symmetrical with respect to the vertical
coordinate axis, the OSL constitutive relation becomes o, =no_, . The closure equation

of Janssen model, which is global, is recovered locally. Thus the OSL model can be seen
as a generalized Janssen theory taking into account shear stress within the piling and
radial dependence of the stresses, with the notable difference that it is based on a
conceptual analysis of stress propagation at the granular scale. While the Janssen model,
where the granular assembly is described by the differential equation (18), does not
account for some important properties of granular matter such as spatial heterogeneity
(Mehta 2007) and dilatancy (Reynolds 1885), the OSL model incorporates at least some
of the physics relevant to the behavior of the granular systems. As such, the OSL allows
an interpretation of the parameters involved in the closure relation in terms of force

chains orientation and strength.

Correspondence between model parameters from two-dimensional solutions

The analytical OSL solution obtained for two dimensional, free-surface pilings
using the method of characteristics takes the following form, after simplification in the

limit of tall pilings,

— ] + )
M 1pp M 1sym,OSL { — [I—J \] > W lth

M 05 = (pDR/ntan @)1 -1 ptan @), and (25)
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(26)

pour 1

Musym,OSL (C+ —C_ )tan H )

n=

A detailed account of the derivation can be found in (Claudin 1999), up to the omission
of the second term in the second factor on the right-hand side of equation (25) which is
obtained at the final step when integrating the vertical, normal stress o_ to obtain the
apparent mass at the piling base. Comparisons of the analytical solution with numerical
simulations implemented in two dimensions confirm that the rectification is required. The
correction is important since equation (25) is involved in the determination of the
correspondence between the OSL parameters (77, ,u) and the Janssen parameter K, which
is carried out below.

A Taylor series expansion of the analytical OSL solution, considering the wall
friction coefficient to be small, yields, as a first order approximation, the solution derived

from Janssen model for free-surface pilings

M, =M 1 Moo o
1) = asym, - eXp *
" ot M asym,OSL

Coming back to Janssen model (see section 3-3.3) and repeating the analysis for two
dimensional, free-surface pilings yields the solution (21) with
A,p, = R/K tan @, and (28)

M = pDR/K tan @, (29)

asym,2D
instead of (20, 22). The differences are due to the geometry of the horizontal slab in a

(x,z) plane, which modifies the force balance (18) into

0,.2dz+0_(z+dz)2R = pg2Rdz + o_(2)2R. (30)
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Matching M, o, With M, gives

K =n/(1-1 utan(9)). (31)
Concerning the assumption of tall pilings limit made to get (24-26), the
geometrical construction of the analytical solution involves reflections of the stress-
propagating characteristics off the column wall and the central axis of symmetry. A piling
can be considered as tall if its height spans a sufficient number of reflection cycles, the

unit height of which is R(l/c, —1/c_). As confirmed in figures displaying vertical cross

sections of the stress fields obtained from numerical simulations (see section 3-5.3.1), the
number of reflections turns out to be small, between 2 and 4. However, the simplification
is probably justified since tall pilings in the experiments are well within the shielded
regime where the apparent mass no longer increases with piling height (Le Dantec and

Deane 2009) (see section 3-5.1.1 below).

Stability analysis

The range of the OSL parameters (77, ,u), or equivalently of the force chains and
effective internal angles (T,l//) is limited by stability bounds. The Mohr-Coulomb
criterion, which determines stability constraints relating components of the stress tensor
(Brown and Richards 1970; Nedderman 1992; Claudin 1999), allows setting the
parameter bounds. In its general form, the Mohr-Coulomb criterion consists of applying
the Coulomb friction law at the scale of intergranular contacts within the assembly. It is
written as the yield condition under shear, using the internal friction angle

o, [<tang'o, . (32)
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Applying this criterion, rewritten in the cylindrical polar coordinates, at the central axis
of the piling » =0 and at the column wall » =R (where R is the piling radius) is
sufficient to ensure that the stability is verified throughout the piling. These limit
situations are extreme opposites where the shear stress is respectively zero, due to
symmetry constraints, and maximum.

The internal  stability, obtained for o,_=0, is given by

(1 —sin(¢))/(1 +sin()) < 7 < (1+sin(@))/ (1 - sin(g), (33)
which exactly amounts to the Rankine bounds (Terzaghi et al. 1996; Le Dantec and

Deane 2009). The stability at the wall, obtained for o, =tané o, ,is given by

worr 9

UO(I_ﬂtan ew) < < 770(1 _ﬂtangw) : (34)
<p< , with
1+44 7 1-/4 ™
n, = l/(1+ 2tan’ (15’), and (35)
A= (1 -1 Xl —tan’ 6, /tan’ ¢'). (36)

Additionally, in practice the wall friction angle cannot exceed the internal friction angle
since the reverse would result in the occurrence of a sliding plane one grain diameter
away from the wall. Note that the stability zone narrows as the wall and internal friction

angles get closer (see section 3-5.4.3).
METHODS

Implementation of numerical simulations
The equation system (2, 8, 5) can be numerically solved on a (r,z) plane. The

OSL relation (5) is inserted into (8) to replace the radial, normal stress. The simulation
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consists in computing the vertical components of the stress tensor (o_,o.) at a

horizontal grid level using the known stresses from the level immediately above. As the
simulation progresses downward from the specification of the upper boundary conditions,

stresses are propagated through the piling. Discretized equations are not numbered in the

paper.

Discretization scheme

Partial derivatives along the vertical and radial directions are respectively

evaluated as forward and centered, first order finite differences
0zo,; = t(ag (r, zZ+ Az)— o (r, Z)),
oro; = ﬁ(aij(”+%=Z)_O-ij((r_%ﬂz)’z))’
where Ar and Az are the radial and vertical steps. The stress components from the level

immediately above the currently computed level are discretized using at a first order,

centered scheme with either a Ar step if evaluated on a radial bin or a 4 step if

evaluated in the middle of two adjacent radial bins.

o (r,z) = %(O‘ij (r + Ar,z)+ o (r - Ar,z)),
o (r +%,z)= %(o*l.j(r +Ar,z)+ o (r,z)),
o (r —%,Z)z %(O'y(r,z)-i- O'l.j(l’ —Ar,z)).

The discretized equation system is then

(r,z+A2) pghz+3(o..(r+4r,z)+ 0 (r-Ar,z))
+ =
O-zz ¥,z L (U,Z(}"—l—A]/',Z)-i-O'rZ(I"—Ar,Z))_%G,Z(rBZ) ’

T 24Ar



122

%(O‘rz (r +Ar, z) +0,. (r —Ar, z))

o, (r, zZ+ Az) ol 77(0'22 (r + Ar, z)+ o, (r —Ar, z)) .
iy ;1(0',_2 (r + Ar, z)+ o, (r - Ar, z))

Boundary conditions

w,..W,)

rz 2

At the wall, o_(R+Ar,z)=W_(z) and o, (R+Ar,z)=W, (z), where (
are stresses exerted by the wall on the piling. The wall-to-grain friction gives

o (R,z+Az)=tanbo, (R,z +Az) and W_(z)=tan&W, (z). The resulting discretized

equations at the wall are

pghz+o_(R,z)— (tan 0+ %)O'rz (R,z)
| ntan’ @

o._(Rz+Az)=|-ntan@ 2 o_(R-Ar,z) -

+(1-ptan0) o (R-Ar,z)

1— utan6’

o.(R,z+Az)=ntanbo_(R,z + Az)/(1- utand).
At the central axis boundary, the shear stress is set to zero by symmetry, and the normal
stress is determined using a first order centered scheme and symmetry properties
o,.(z+A2,0)=0
o, (z + AZ,O) =pgAz+o,, (z, Ar) .
Finally, to initiate the simulation, at the top of the piling the shear stress is set to zero and

the normal stress is the pressure exerted by the mass of the overweight over the piling

horizontal cross-section, if applicable.

Integration of the vertical, normal stress to get the apparent mass

The apparent mass is evaluated at certain horizontal levels of the grid,

corresponding either to the experimental piling heights when the simulation is used for
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parameter estimation, or to a denser, regular spacing over the maximum piling height
when the simulation results are plotted. The stresses on each grid cell along a given

horizontal grid level are integrated over the area of the corresponding ring 4 (r), which

ring
is evaluated as
A7) = 2{(r + 2 ~ (-2 ), yielding
A (r) =2mrAr.
The areas of the first and last rings are
Aring (0) = 7[(7’)2 ’ and
Aring (R) = 272—(R - AT’)% *
The resulting concentric ring forces are then summed to cover the entire piling cross-

section, and divided over by g to obtain the apparent mass.

Numerical parameters

The geometrical and granular parameters, namely the piling radius R and height

H, the wall-to-grain friction angle @ and the internal friction angle ¢' are taken equal to

the experiment parameters (see section 3-4.2). In the remainder of the paper, the repose

angle ¢ is used in replacement for the internal friction angle ¢' because no other direct

measurement is available. Although it is common, such a simplification is questionable
(Cates et al. 1998a; Claudin 1999) and reveals inappropriate in this case (Le Dantec and
Deane 2009) (see section 3-5.4.3 below). The numerical simulations are not affected
since the internal friction angle is used only to determine the stability bounds for the OSL

parameters (see section 3-3.5).
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The number of vertical grid cells is determined from R, H and the number of
radial grid cells because of the constraint on the aspect ratio of the grid cell arising from
the propagative nature of the OSL model. As mentioned above, the equation system
resolved here describes stress propagation within the piling along characteristics of

constant slopes c, (see section 3-3.2.3). In order to avoid distorting the solution, the

spatial discretization needs to be consistent with the velocity at which information, i.e.
the stress fields, is propagated. Compared with cells exactly adjusted so the slope is the
cell diagonal, tall cells will cause loss of information about the stress field while short
cell will give rise to an artificial length scale in the solution. The two slopes are not equal
in general. In this study, the cell size is adjusted to the largest slope, yielding a cell
somewhat too short for the second characteristic, as shown in Fig.2.

The number of grid cells in the radial direction was chosen to guarantee the
numerical convergence of the solution. Simulations were performed at different grid
densities, setting other numerical parameters to values typical of the experiment
configuration. The asymptotic mass of the solution was found to converge exponentially
to a limit value with increasing number of radial grid cells. While solutions with 20 radial
cells or less showed over 10% difference with the limit solution, the difference was
below 1% for grids containing 200 radial cells. This number was used for the numerical
simulations presented in the paper. Thus, each grain spans about 4 cells in the radial
direction, which is not inconsistent with the modeling approach since the OSL model has

no knowledge of the grain diameter.

Experimental measurements and datasets
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The experimental methods are described in details in (Le Dantec and Deane 2009)
and summarized here. The experimental set-up and protocol were thoroughly tested to
ensure the reproducibility of the dataset and verify that the sensitivity of the apparatus
was sufficient to resolve the characteristic features of the apparent mass at the piling
base. Pilings were formed from 1 mm diameter spherical glass beads with a density of
2.53 g/em’ and confined in an acrylic column 100 grain diameters across and 500 grain
diameters tall. The grains were poured in a rain-like, distributed fashion. Fresh water was
used for immersed runs. The whole apparatus was water-tight so that for experiments on
saturated pilings, the entire column was immersed, including the load cell. Two protocols
were used for saturated pilings, either pouring a dry piling and immersing it by slowly
raising the water level inside the column, or pouring grains into a water-filled column
where they settled.

Measurements were acquired using a procedure of slow (1.7 micrometers/s)
descent of the base of a load cell that was connected to a self-adjusted piston supporting
the piling. The objective was to allow full mobilization of the wall-to-grain friction, while
keeping the piling displacement small enough to prevent major piling rearrangements. As
the load cell base was lowered, the measured mass decreased by about 25% to 50% until
it approached an approximately constant value The decrease in measured mass was not
monotonic and temporary increases were observed, superposed on the overall trend of
exponential decay. A careful analysis of the piling behavior motivated the choice of the
apparent mass one e-folding distance on the least-mean-square exponential fit to the

decompression regime starting at the beginning of the piling base descent. Despite the
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dynamic boundary conditions imposed, the piling is in a quasistatic regime, in the sense
that changes in the piling state, reflected in the mass measured at the base of the piling,
occur on sufficiently long time scales that they can be resolved by the load cell. Thus it is
appropriate to compare the measurements to predictions from models describing stresses
within static granular systems.

A total of 5 datasets were acquired, each of them being associated with a different
piling type: 1) dry, without overweight, 2) dry, with overweight, 3) immersed, without
overweight, 4) immersed, with overweight and 5) settled, without overweight. The last 3
datasets concern saturated pilings with two different methods of piling formation. The
overweight mass in the second and fourth datasets was equal to 0.94 and 1.22 times the
asymptotic mass of the corresponding free-surface piling, respectively. A dataset is
composed of a collection of data points consisting of ensemble measurements averaging
10 piling realizations (5 in the case of the fifth dataset) for a fixed poured mass, which
improves the reproducibility of the experiment results by reducing the run-dependant
variability in piling configuration.

Measurements are plotted in terms of apparent mass versus poured mass or
apparent height versus poured height. The apparent and poured heights are obtained from

h=m/ (Ap), where m is the apparent or poured mass, A the cross section of the piling
inside the column and p the bulk density of the granular assembly. The density, and

packing ratio, were determined by recording the piling heights. In the case of saturated
pilings, since the load cell records differential pressure when it is submerged, the bulk

density, the apparent mass and the poured mass are reduced by buoyancy effects.
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A summary of some of the relevant properties of the datasets is given in Table 3-
1. In particular, the packing ratio has a significant influence on the intensity of the

shielding effect (Le Dantec and Deane 2009) (see sections 4.1.1 and 4.4.2 below) and the
number of data points in each dataset N, i.e. the number of piling heights sampled, will
be used when assessing the quality of the model fit to the data (see section 3-4.3).

Additionally, the wall friction and repose angles of the dry and saturated granular

material used in the experiments were measured and are reported in Table 3-2.

Table 3-1: Piling characteristics for all 5 datasets: packing ratio, bulk
density and number of data points

Datasets Packing Ratio | # (g/cm3) | N,

Dry, Free-surface 63.3% 1.601 11
Dry, Overweight 63.3% 1.601 21
Immersed, Free-surface 62.7% 0.959 12
Immersed, Overweight 62.6% 0.958 22
Settled Free-surface 58.7% 0.898 13

Table 3-2: Measured angles of repose and wall friction in dry and saturated
conditions

Measured angles | Repose Angle ¢ | Wall Friction angle

Dry 23.5° 20°

Saturated 23° 21.5°
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Regression procedure

Experimental data were fitted to the Janssen, modified Janssen and OSL models,
the modified Janssen model being adjusted to the free-surface datasets only. Model
parameters were estimated by finding the minimum of a cost function used to evaluate
the difference between measurements and model predictions. The normalized Euclidian
distance E, amounting to a weighed least-mean-square function (Claudin 1999; Vanel et
al. 2000), was chosen because it accounts for differences in the measurement dispersion
between piling heights, which are typically significant in apparent mass measurements at

the base of granular pilings (Claudin 1999; Le Dantec and Deane 2009).

— G
1 ul (Mapp _MpredJ

E= N—Z INYZ

d i=l app

i

e the apparent mass predicted

l' .
where M, is the ensemble average apparent mass, M

by the model with the set of tested model parameters, and AM ;pp the empirical

dispersion of the measurements, all three taken at a given height. The distance E is the
reduced version of the Mahalanobis distance (Morrison 1967), or generalized squared
interpoint distance, which is used in statistical analysis of multivariate data. A distance £
of 1 means that the difference between measurements and model predictions is equal to
the measurement dispersion.

Here, the empirical dispersion is

38
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app app
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where N, is the number of piling realizations at a given height, M (’zpfp is the apparent

mass for a given piling realization (index j) at the height considered (index 1) and M épp is

the ensemble average of the apparent mass over all the piling realizations at the height

app

considered (M - =<M ”>) The empirical dispersion AM,  is different from the
J

standard deviation S’shown in plots (see Figs. 3-1 and 3-8), S’ =/N, /(N, —1)AM

app >
which is the best unbiased estimate of the variance, or corrected empirical dispersion.
Note that the measurement fluctuations stem from the variability in piling configuration,
and are not representative of the error due the sensitivity of the experiment apparatus,
which is much smaller (Le Dantec and Deane 2009).

In addition, a coefficient was used to assess the quality of the regression,

independent of the number of involved data points N, and adjustable model parameters

(Claudin 1999). The quality coefficient is obtained using the complementary of the

incomplete I function, the number of degrees of freedom of the regression N, and the

7 test.
0, =T (N, /2, 7% [2), with (39)
x> =E’N,,and (40)
N,=N,-N,,so that (41)

1 ]2 N (42)
0, = e’t? dt.
FiNf /2;12/2
This allows comparisons between fits of all 3 models to all 5 datasets despite the large

range in dataset sizes (see Table 3-1). The Janssen, modified Janssen and OSL models
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respectively have 1 (K), 2 (K, H,,,, ) and 2 (7, i ) adjustable parameters. (0, measures the

probability that the fit is not just by chance. Regressions with a quality coefficient larger
than 0.001 are considered reliable. Quality coefficients near unity usually result from a
large dispersion in the measurements.

The range of tested parameters was not strictly constrained a priori using
theoretical bounds derived from stability criteria, such as the Rankine bounds for the
parameter K (Le Dantec and Deane 2009) and equations (33-36) for the OSL parameters.
These bounds require knowledge of the internal friction angle, which is not available
here, to be adequately evaluated. The search range for the lithostatic height introduced in

the modified Janssen model was limited by obvious constraints on the layer height, H

being required to be positive and not in excess of the maximum piling height.

DISCUSSION OF MODELING RESULTS

Comparison of apparent mass predictions

Free-surface pilings

The apparent mass of free-surface pilings is plotted against poured mass in Figs.
3-3A, 3-3B and 3-3C for dry, immersed and settled datasets, respectively, together with
curves representing their Janssen (dash-dot), modified Janssen (dashed) and OSL (solid)
model fits. Standard deviations for a selected data point are shown as a reference for the
corrected measurement dispersion, and the trend of the lithostatic behavior is indicated in
gray. The typical Janssen behavior is observed in the three datasets (Le Dantec and

Deane 2009), i.e. a rapid departure from lithostatic behavior and a progressive shielding
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until the free-surface apparent mass reaches an asymptotic value. A detailed description
of the measurements can be found in (Le Dantec and Deane 2009).

Comparing dry and saturated datasets requires correcting for buoyancy effects
because the apparent mass measurements of saturated pilings is obviously measured
under reduced gravity. This correction reveals that the asymptotic apparent piling height
increases when saturating the pilings. Decrease in packing ratio also increases the
asymptotic apparent mass, as is observed when comparing Figs. 3-1B and 3-1C (see
Table 3-3).

Here the focus is on the models fits to the free-surface data, using the distance £
and the coefficient Q. , reported in Table 3-3, to assess the quality of the adjustment
between data and models. For reference, the measurement dispersion, corresponding to
the model to data difference when E =1 (see section 3-4.3), is on the order of 20gr,
ranging from 5gr to 50gr depending on the piling height and the dataset, and
exceptionally reaching 70gr (Le Dantec and Deane 2009).

For dry and immersed pilings, all three models reproduce the gross features of the
measurements, and fall well within the measurement dispersion. For settled piling, only
the modified Janssen model is able to match the data reasonably well. The Janssen model
systematically underestimates the apparent mass at small piling heights and overestimates
the asymptotic apparent mass. These deficiencies are effectively corrected by the addition
of a lithostatic layer in the modified Janssen model, especially for the immersed and
settled pilings. The OSL model provides the same qualitative improvement over Janssen
model. Yet, the Janssen and OSL model fits are quantitatively comparable to one another

for dry and settled pilings, where their adjustment to the measurements for these two
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piling types is good and poor, respectively. While the lesser quality of the fit of the OSL
model compared to the modified Janssen model is due to the poor adjustment to the
asymptotic mass in the dry case, it is caused by the oscillations in the OSL model in the
settled case.

For both saturated pilings, the OSL model predicts oscillations of the apparent
mass superposed on the typical Janssen behavior. It is interesting to observe that, while
remaining well within measurement dispersion, the data show that the evolution of the
apparent mass is not as smooth for both saturated pilings as for dry pilings.

Looking at the overall data range, the modified Janssen model always yields a
better fit than the OSL model, noting that for immersed pilings both models are very
close for all values of poured mass. However, the distance £ gives more weight to the
data points which have smaller measurement dispersion. Thus the quality of the model fit
can best be assessed by considering only small piling heights, where the measurement
dispersion is significantly smaller than for large piling heights (Le Dantec and Deane
2009). Then, the OSL model shows a slight improvement compared to the modified
Janssen model, especially for dry pilings (see Appendix 6.1 for other regression

functions).
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Table 3-3: Performance of Janssen, modified Janssen and OSL model fits

to free-surface datasets: asymptotic mass, distance E and Q.

Datasets Models | M, (kg)| E 0.
Janssen 0.8026 1.00 | 0.35
Free-Surface Dry Ad-hoc 0.8194 0.82 | 0.57
OSL 0.7614 1.07 | 0.18
Janssen 0.6241 1.30 | 0.05
Free-Surface Immersed | Ad-hoc | 0.6097 | 0.50 | 0.97
OSL 0.6155 |0.57 | 0.94
Janssen | 1.0373 |4.65|<10"
Free-Surface Settled | Ad-hoc 0.9651 1.07 | 0.19
OSL 1.008 | 3.46|<10"

Overweight pilings

The apparent mass of overweight pilings is plotted against poured mass (triangles

connected by dotted curve) in Figs. 3-4A and 3-4B for dry and immersed datasets,

respectively, together with their OSL model fit (solid curve). In addition, curves

representing the Janssen (dash-dot) and OSL (dashed) models predictions, obtained using

parameters estimated from model fits to the corresponding free-surface pilings, are also

displayed. The apparent mass varies non-monotonically with poured mass, showing an

initial increase toward a maximum for small piling heights followed by a progressive

decay, which is irregular for immersed pilings, toward approximately the same

asymptotic regime as for free-surface pilings (Vanel et al. 2000; Ovarlez et al. 2003; Le

Dantec and Deane 2009).
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The OSL model fit to the overweight piling measurements (Table 3-4) is
qualitatively adequate for small piling heights and inappropriate for large piling heights.
The OSL model is able to reproduce the maximum, with a good adjustment to its width
and small differences in its amplitude. However the OSL model shows oscillations after
the initial maximum, with similar phase and comparable amplitude to that of the
maximum. Such oscillations after the apparent mass initial maximum are not observed in
the measurements, at least not with the same amplitude as in the model. It is still
interesting to note that data for the immersed piling do show that the decay toward the
asymptotic regime is non-monotonic. Notwithstanding the insufficient sampling density
that prevents proper characterization of possible variability in the apparent mass for large
piling heights, measurements suggest the presence of at least one oscillation of smaller
amplitude than in the model fit, but similar wavelength and phase.

The OSL model predictions obtained using the estimated free-surface parameters
show a maximum for small piling heights, followed by oscillations. The predicted
maximum is much smaller than in the overweight piling measurements and actual OSL
model fits, especially in the dry case. So are the oscillations, which even vanish with
increasing poured mass for dry pilings. The wavelength of the oscillations is smaller in
the OSL model predictions than in the fits. For immersed pilings, the amplitude of the
oscillations predicted by the OSL model using free-surface parameters is comparable to
the magnitude of the variations observed after the initial maximum in the data.

The apparent mass predicted by Janssen model is monotonic in poured mass, so
that no attempt was made to fit Janssen model to the data for overweight pilings. The

Janssen model predictions using the estimated free-surface parameter obviously fail to
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reproduce the initial maximum. For dry pilings, they yield an asymptotic apparent mass
that does not match the data. For immersed pilings, they show an overall trend
comparable to the OSL predictions from free-surface parameters but without the initial

maximum, nor the oscillations.

Table 3-4: Performance of OSL model fits to all 5 datasets: E and Q.

Datasets E 0.

Free-Surface, Dry 1.07 | 0.18

Overweight, Dry 1.71 | 3.10°

Free-Surface, Immersed | 0.57 | 0.94

Overweight, Immersed | 1.36 | 0.005

Free-Surface, Settled | 3.46 | < 10"

Effect of saturation on overweight piling behavior

OSL model predictions for overweight pilings interchanging dry and immersed
parameters

Here the effect of saturation on the behavior of overweight pilings is considered
by comparing dry and immersed pilings with an overweight. Dry, overweight (gray) and
immersed, overweight (black) datasets that are plotted together in Fig. 3-5, which shows
normalized apparent mass versus normalized poured mass. The figure displays the data
points (symbols connected by dotted curves), the OSL model fits to the data (solid
curves) and the OSL model predictions obtained using the parameters estimated by OSL
model fit to the other overweight dataset (dashed curves). Measurements show that the

initial maximum is wider and occurs for larger piling heights in the dry case than in the
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immersed case. Such differences in the apparent mass maximum have been observed
when changing the mass of the overweight applied at the top of otherwise similar pilings
(Vanel et al. 2000), and are thus not necessarily related to piling saturation.

The difference in the normalized overweight masses is a complication for direct
comparison of overweight piling behavior. Applying the reciprocal best fit to predict the
apparent mass allows testing for changes to the overweight piling response only due to
differences in piling type, without the influence of differences in the overweight mass.
Yet, interchanging parameters between dry, overweight and immersed, overweight
datasets yields completely erroneous predictions. In both cases, the predicted asymptotic
value is quantitatively very different (by 30% to 50%) from the measurements and the
small piling height behavior is not captured. The magnitude of the error on the
asymptotic mass indicates that the adjustment to the asymptotic mass is the dominant
criteria in the selection of the model parameters. The sensitivity of the asymptotic mass
prediction to changes in the model parameters prevents from probing their effect on the
overweight piling behavior at small piling heights. Since the latter depends on the ratio
between the overweight and asymptotic masses (Vanel et al. 2000), the failure to
reproduce the apparent mass initial maximum originates in the erroneous predicted
asymptotic mass. In addition, the difference between data and model fits to data due to
the presence of oscillations in the model fits now seems less dramatic in comparisons

with the difference between data and model predictions from interchanged parameters.

Shielding of overweight mass by granular pilings




137

As described in the above section, the difference in asymptotic apparent mass
hinders the examination of the effect of piling saturation on the overweight piling
behavior at small piling heights. Put differently, the effect of piling mass shielding by the
granular piling is the main component of the overweight piling behavior while the effect
of overweight mass shielding by the granular piling of lesser significance to the overall
behavior of overweight pilings. To get around this, the free-surface piling apparent mass

is subtracted from the overweight piling apparent mass in order to consider the

overweight-induced contribution to the overweight piling apparent mass M Z;;”We"gh’ .

“r overweight __ ( overweight ﬁ‘ee—surﬁzce) 43
MOt = (Mo M (43)

app

The asymptotic apparent mass is governed by the shielding of the piling mass.
The decomposition allows isolating the effect of overweight shielding by the piling.
Obviously the shielding of the piling mass will be different between the free-surface and

overweight pilings, since placing the overweight affects the piling arrangement, at least
slightly. The normalized M j;;’wejght is plotted against poured mass in Fig. 3-6A for the dry

(circles) and immersed (squares) cases, together with the corresponding model fits that

are reduced in the same manner as the data. As expected, the overweight mass is

progressively shielded by the piling, as shown by the decrease in M ;’;;’Weigh’ /M, with

poured mass. The decreasing trend is linear in both cases, consistent with Vanel et al.
(2000). Differences between the dry and immersed cases combine differences between
dry, free-surface and immersed free-surface piling behavior and differences between dry,

overweight and immersed overweight piling behavior.
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Finally, the same reduction method is used to obtain the overweight-induced
contribution to the overweight piling behavior in terms of apparent piling height and
piling height, which is plotted in Fig. 3-6B. The objective is to investigate the effect of
piling saturation on the shielding of the overweight mass by the piling after correcting for
buoyancy effects. Both the reduced data and the reduced model fits show a collapse of
the dry and immersed cases. For small piling heights, the data collapse means the piling
saturation has little to no impact on the shielding of the overweight mass, result which is
all the more striking when recalling the increase in shielding length of free-surface
pilings induced by piling saturation. For large piling heights, the model collapse is
intriguing as it indicates that the relative amplitude, the wavelength and the phase of the
oscillations, which originate in the model fit to the overweight data, are similar between
dry and immersed pilings. Note the difference between the dry and immersed data points
at 20cm piling height corresponding to a high in the oscillation pattern of the model

curve.

Oscillations and influence of arching angle fluctuations

o.. and o, within simulated pilings

The oscillations are intrinsic to the OSL model (see section 3-3.2.3). Vertical
cross-sections of the simulated stress fields are displayed in Fig. 3-7 for the model fits to
all 5 datasets, confirming the presence of oscillations, depending on the model
parameters. Obviously such well-defined oscillations and the associated features
reminiscent of interference patterns are not expected in real pilings. Yet, the visual

representation of the stress fields allows comparing the OSL model oscillations between
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piling types. Consistent with the apparent mass predictions (Fig.1 and 2), oscillations are
almost imperceptible in the dry, free-surface case, mild in both saturated, free-surface
cases and significant in both overweight cases. In agreement with Fig 6B, oscillations in
both overweight pilings are in phase and have the same wavelength, which can be read
along the piling height scale of the vertical axis. Observation of the oscillations in both
saturated, free-surface pilings suggests that a decrease in packing ratio is associated with
an increase in the wavelength of the OSL oscillations, consistent with a decrease in
shielding intensity (see section 3-5.1.1). In addition, note that the pressure field in the
dry, free-surface case is larger near the wall than near the central axis of the piling,
contrary to all other piling types, which indicates a significant difference in the simulated
stress propagation. The dry, free-surface, simulated piling is characterized by outward
stress deflection typical of active failure and other simulated pilings are rather in a

situation of passive failure.

Tentative mechanism for oscillation-damping

An attempt has been made at damping the oscillations generated in the OSL
model. This was done by allowing for random fluctuations in the arch direction 7 .
In practice, the arch direction was changed at every horizontal grid level by adding a
small random perturbation to a weighed average of the arch direction in the cell
immediately above and the initial arch direction, i.e.
t(r,z+Az)=az(r,z)+(1-a), +1, (44)
where 7, is a random number within [-z,,7, ], 7, setting the order of magnitude for the

fluctuations in 7. This procedure keeps the departure of the arch angle from its initial
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value sufficiently small to avoid unphysical values, and introduces a correlation range
associated with « . The parameter « renders the length over which an arch changes
direction, i.e. the number of consecutive contacts having a similar orientation. The initial

arch direction 7, is obtained for any given pair of OSL parameters (77, &) via the slopes
¢, using equations (12, 45), where equations (45-46) below are derived from (6, 7, 12).
T = atan (c+ ), and (45)
w =—atan(c_)+7—7/2 (46)
Then 7 is modified according to (44) and the updated OSL parameters (77, 1 ) are derived
from (7, ) using equations (6, 7).
The attempt was unsuccessful, which indicates that the oscillations are a robust

feature of the OSL model. Two examples are shown in Figs. 3-8A and 3-8B, where the

fluctuations parameters were respectively (a« =09,z =0.027,), i.e. long correlation
range and small magnitude, and (¢ =0.3,7 =0.057,), i.e. short correlation range and

large magnitude. Differences in the arch direction variability between the two pairs of
fluctuation parameters can be observed comparing the insets of Figs. 3-8A and 3-8B. The

initial OSL parameters (77, 1 ) correspond to the best fit to the dry, free-surface data. With

both scenarios and both model fits to the free-surface and overweight data, the ensemble
average of 10 realizations simulating the apparent mass with random fluctuations in 7
shows almost no deviation from the simulation without fluctuations. Random fluctuations
even cause an increase in the amplitude of the relatively small oscillations in the case of
the model predictions for the overweight data using the estimated free-surface

parameters. Note that increasing the correlation range « is more effective at generating
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variability in single realizations than increasing the allowed range 7, of the incremental
random perturbation z, . Individual simulations for a single realization of the fluctuations

show some deviation from the simulation without fluctuations but no decrease in the
amplitude of the oscillations. Abrupt variations observed in Fig. 3-8B for larger piling
heights arise from numerical instabilities that occur within a certain subset of the OSL

parameter space (see Appendix 6.2).

Changes in piling behavior within the OSL framework

Physical signification of the OSL parameters

The results from the regression analysis performed to adjust the OSL model to the

data are shown in Table 3-5. The angles (7, ) are obtained from (7, £ ) using equations

(12, 45, 46). The correspondence between the arching and effective internal friction
angles and the OSL parameters relating the stress tensor components comes from the
two-dimensional analysis of the OSL approach. Although in real systems the arch
network has a three dimensional structure, the parameter correspondence can be applied
here considering that the network is projected on a vertical plane. This is what is done in
practice for the numerical implementation of the stress propagation, which is effectively
two-dimensional due to the choice of the second OSL relation. The numerical solution is
still that of a three-dimensional piling.

The physical signification of the parameters is recalled first, in order to interpret

differences between datasets. Large values of 7 are associated with effective lateral

stress redirection through arching effects, i.e. small screening lengths. The parameter u
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is related to shear stress within the piling. Positive values mean that the inward
characteristic carries most of the stress, which could correspond to the occurrence of
inward avalanches during the piling base descent. Negative x values correspond to an
outward stress propagation associated with an increase in the stress supported by the
column walls. A decrease in arching angle 7 means steeper, more vertical arches.

Finally, positive (negative) values of w correspond to a situation of active (passive)

failure where the tangential force along the arch is directed outward (inward).

Interpretation of the changes in piling behavior

Focusing on 77 and 7, the deflection of normal stresses is more intense in dry

than in immersed pilings, confirming that piling saturation reduces mass shielding
efficacy. Similarly, a decrease in packing ratio is associated with a decrease in mass
shielding intensity, as is observed by comparing the immersed, free-surface and settled,
free-surface cases. This effect seems to be associated with steeper arches. The apparent
contradiction in a more vertical orientation of force chains corresponding to an increased
efficiency in lateral stress redirection may be explained as follows. Increasing the
steepness of force lines augments their strength, i.e. allows intergranular forces of larger
amplitudes along force lines. The same pattern is observed in response to the overweight.

The parameters 7 and 7 are respectively larger and smaller in free-surface than in

overweight pilings, which confirms that placing the overweight affects the internal
structure of the piling, with a tendency to increase its stiffness.

Now looking at x and y, stress propagation is asymmetric within all pilings.

The signs of these parameters show that an accentuated inward stress deflection, possibly
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caused by small-scale avalanches away from the column walls during the piling base
descent, is observed in all but the dry, free-surface pilings. This effect is more
pronounced in free-surface, settled pilings than in free-surface, immersed pilings, a result
which is consistent with a previous study (Vanel et al. 2000) where pilings with higher
packing ratios showed a reduced sensitivity to the proposed mechanism of inward
avalanches during piling base descent. In the dry, free surface case, the outward stress
deflection may result from outward avalanches at the piling surface during its formation,
the memory of which is not overprinted by the piling base descent. Again, the large
packing ratio of dry pilings may be responsible for the limited role of the inward
avalanches mechanism. In addition, the large sensitivity of both saturated pilings to this
mechanism may be due to the piling preparation methods. Piling immersion may
sufficiently affect the piling arrangement that the local asymmetry arising from the dry
pouring formation is partially erased. Settled piling may also show near-local symmetry
before the piling base descent, due to the reduced kinetic energy involved in the piling
construction.

In addition, | | increases with a decreasing efficacy of the mass shielding effect,
consistent with a yield criterion along arches approaching the bulk yield criteria applying
everywhere else within the granular system. This effect is most significant in settled,
free-surface pilings where | |= ¢. Lines of preferred stress propagation still exist but the
difference in small-scale stress propagation behavior is not very marked with the rest of

the assembly.
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Table 3-5: Estimated OSL parameters and derived arching angle and yield
angle along arches for OSL model fits to all 5 datasets

Datasets n H T 4

Dry, FS 1.47 | -0.9 | 40.1°| 10.3°

Dry, OV 0.7 | 1.39 ] 60.7° | -7.9°

Immersed, FS | 0.7 | 0.52 | 48.6° | -9.7°

Immersed, OV | 0.55 | 0.98 | 54.0° | -14.2°

Settled FS 0.31 | 1.21 | 55.0° | -22.8°

Selectivity of the OSL model in its adjustable parameters

The results from the OSL regression analysis are also displayed in parameter
space in Fig. 3-9, in the form of pair-wise comparisons between datasets. The distance
arrays are scaled by their respective minima and color-coded, with blue regions
corresponding to the optimal parameters. Black lines represent the stability bounds. That
optimal parameter regions (see Table 3-5) lie outside their stability domain, or at best
along one bound, is an indication that using the repose angle in replacement for the
internal friction angle in not appropriate for the granular systems considered here (see
section 3-4.1.4). Differences in the parameter values between datasets can be better
appreciated with the parameter space view. Except in Fig. 3-9D, the optimal parameter
regions are well dissociated in all pair-wise comparisons. Hence placing the overweight
does not dramatically affect the behavior of immersed pilings, while stress propagation
within dry pilings is significantly altered by the presence of the overweight. In the dry

case, the sensitivity of the piling to the inward avalanching effect could be enhanced
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when placing the overweight, maybe through a reduction in the local asymmetry
originating in the piling formation.

The scaling chosen to display the distance arrays allows the examination of the
selectivity of the model adjustment, i.e. the sharpness of the minimum, to the expense of
information on the goodness of fit which have already been reported (see Tables 3-3 and

3-4). Although 7 is rather well defined, the model fit is not very selective in p,

especially for free-surface pilings. This confirms that the second term in the OSL relation
(5) can be seen as a small correction to the closure equation of Janssen model. For free-
surface pilings, only accounting for the first term in (5) yields a good approximation of
the measurements, i.e. a good description of the mass shielding effect. Note that for
overweight pilings, at least in the dry case (Fig. 3-9C), the minimum is more localized.
The requirement to reproduce the initial maximum in the apparent mass of overweight

pilings narrows the selection criteria for u, consistent with the second term in (5) being

responsible for the ability of the OSL model to capture the small piling height behavior.

Correspondence between the Janssen and OSL model parameters
Finally the estimated parameters are compared across models. The Janssen

parameter K equivalent to a given pair (77, ) can be calculated using equation (26).

Obviously this is done only as a reference, since the correspondence is based on the tall
pilings approximation to the analytical OSL solution in two-dimensional geometry (see
section 3-3.4.2). The reciprocal equivalence requires adding the following equation

(Claudin 1999)
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n=ng, (1—,utan¢), 47)
where 77, is obtained from equation (35). The underlying assumption is that the piling is

at the sliding limit near the column walls. Although the piling base descent is aimed at
obtaining full friction mobilization at the wall (Le Dantec and Deane 2009), equation (47)
is not necessarily satisfied, thus the reciprocal equivalence should be used with caution.
Equations (26, 47) yield

,u=(K—770)/(%Ktant9—770 tan ¢). (48)

Results are shown in Table 3-6, where parameters obtained from model fits are
printed in bold font. The equivalent K parameters calculated from fitted OSL parameters
are very close the K parameters estimated from the Janssen and modified Janssen model
fits. The counterpart in only true for settled, free-surface pilings, while equivalent OSL
parameters calculated from K are not consistent with fitted OSL parameters in the case of
dry, free-surface and immersed, free-surface pilings. This could mean that the assumption
required to obtain equation (47) is not verified, in particular in the dry case. In the
immersed case, the error is mostly on the value of # and, despite the sign change, could
be due to the low selectivity of the OSL model in 4.

Table 3-6 also presents estimated parameters for the Janssen and modified
Janssen models, and shielding lengths derived from K. The analysis of the piling behavior
in the framework of Janssen model has been presented elsewhere (Le Dantec and Deane
2009). An increase in the shielding length is observed in response to saturation and
decrease in packing ratios. Concerning the modified Janssen model fits to the three free-

surface datasets, as expected, H,, increases with increasing shielding length. A
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reduction in mass shielding is naturally associated with an increase in the lithostatic
height. Note that the screening lengths are similar between the Janssen and modified

Janssen model fits.

Table 3-6: Summary of estimated (bold) and derived (regular, see section 3-
5.5) parameters for Janssen, modified Janssen and OSL model
fits to free-surface datasets

Datasets Models | 77 u K | A(ecm) | H,y, (mm)
Janssen | 1.99 | -4 |[1.15| 6.1 0
Free-Surface Dry Ad-hoc | 1.79 | -3.39 | 1.11 | 6.3 0.5
OSL |147| -09 |126]| 5.6 N/A
Janssen | 0.84 | -0.35 [ 0.79 | 8.2 0
Free-Surface Immersed | Ad-hoc | 0.89 | -0.49 | 0.81 | 8.0 8.3
OSL |0.70 | 0.52 | 0.77 | 84 N/A
Janssen | 0.34 | 1.28 | 045 | 14.5 0
Free-Surface Settled | Ad-hoc | 0.37 | 1.17 | 0.48 | 135 31.1
OSL |0.31| 121 | 041 158 N/A

CONCLUDING REMARKS

Summary of main results

Solutions for the stress propagation in quasistatic granular pilings confined in a
cylindrical column have been obtained by numerical implementation of the OSL model.
Predictions were fitted to experimental measurements of the apparent mass at the base of

dry and saturated pilings, without and with an overweight. The main objective was to
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interpret the effect of saturation of granular pilings on arching mechanisms, which are
quantified in a very simple manner by the two adjustable parameters of the OSL model.
The piling saturation-induced decrease in the efficiency of the mass shielding behavior
observed in measurements is associated with the following effects: 1- decrease in the
lateral deflection of normal stresses, 2- decrease in the steepness of the force chains or
granular arches, 3- increase in the sensitivity to a mechanism of inward avalanches
arising from wall friction mobilization during piling base descent, and 4- decrease in the
difference between the internal friction angle and the absolute value of the effective
internal friction angle. In addition, the collapse of dry and immersed, reduced data
defining the overweight-induced contribution to the apparent piling height of overweight
pilings indicates that piling saturation has little impact on the shielding of the overweight
mass by the piling. Finally, although the OSL model provides significant improvements
over Janssen model, it is weakly selective in the adjustable parameter associated with the
vertical shear stress when fitted to measurements of apparent mass at the base of granular

pilings.

Comments on the oscillations

Despite its deficiencies in other respects, the OSL model was also selected for its
ability to qualitatively capture the small piling height behavior of overweight pilings.
This strength comes at the expense of the prediction of the large piling height behavior of
overweight pilings, where multiple oscillations arise from the intrinsic resonant behavior
of the OSL model. Although it is interesting to note that the measurements for immersed

and settled pilings do suggest the possibility of small oscillations, consistent with a recent
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study where the data sampling was sufficient to lend reliability to the observed
oscillations (Liu ef al. 2009), the large oscillations predicted in the OSL model constitute
a major weakness of the OSL approach.

Data regressions show that placing the overweight changes the arching behavior
of the piling, insofar as it is characterized by the OSL parameters. The measurements of
the apparent mass at the base of overweight pilings seem to show differences in piling
behavior between small and large piling heights. If a small amplitude resonant behavior
exists in real pilings, there is undoubtedly a change in the amplitude and possibly the
wavelength of the apparent mass oscillations between small and large piling heights. In
any case, the shielding of the overweight mass by the piling is different from the
shielding of the piling mass by the piling. In its current form, the OSL model is unable to
capture such change in the arching properties of the piling. Aside from introducing
vertical variability in the OSL parameters, a decomposition of the piling in two layers
(Ovarlez and Clement 2005), which would be consistent with an overweight-induced
modification of the internal structure of the piling limited to a certain depth, may yield an

adequate solution.

Lubrication effects and relevance of dry granular theories to saturated granular
systems

The piling saturation-induced changes in the arching mechanisms quantified by
the OSL parameters (see section 3-6.1) are all consistent with the expected effects of
lubrication on the microscopic physics at the scale of intergranular contacts. That the

OSL model describes equally well and with quantitative differences in the adjustable
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parameters the behavior of dry and saturated pilings extends the commonality of behavior
between dry and saturated assemblies observed experimentally to the applicability of the
theoretical concepts underlying the OSL model, such as that of fragile matter and local
stress propagation rules for example. This is consistent with the idea that lubrication does
not prevent intergranular contact and thus does not prevent saturated materials from
supporting shear stress, therefore granting them solid-like properties (Cates et al. 1998b).
Additional experimental data acquired with different interstitial fluids spanning a
range of lubrication properties would allow further examination of the role of the fluid in
defining the intergranular contact properties and thus the characteristics of stress
propagation and arching mechanisms. For example, such data would likely provide
decisive evidence on the possibility that lubrication may increase the homogeneity of
intergranular contacts throughout the piling, i.e. the uniformity in the direction and shear
strength of the arching granular structures which are proposed to propagate stresses, thus
favoring the occurrence of resonance effects. This would constitute a good test for the

OSL model and other candidate theories for granular matter mechanics.

Accounting for random fluctuations of the piling texture

The tentative mechanism for oscillation-damping was unsuccessful because the
fluctuations in the arching angle that were introduced did not affect the mean arching
angle, which determines the wavelength of the oscillations. Fluctuations in the effective
internal friction angle may achieve a reduction in the amplitude of the oscillations,
provided a different expression for the incremental change in angle is chosen so that the

mean value differs from the initial value. In addition, the dependence of the arching angle
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at a given grid cell on the arching angle at the grid cell directly above is inconsistent with
arching mechanisms. Using the two grid cells on the level directly above but in diagonal
would be more adequate. In any case, proper numerical implementation requires
adjusting the height of each grid cell to the new OSL parameters, since they set the slope
of the characteristics along which stress is propagated (Claudin 1999). This generates
irregularities in the discretization grid, which constitutes a significant technical difficulty

if the numerical simulations are to be used in data regression procedures.

About the OSL approach

A desirable elaboration on the OSL model would consist in using the OSL
framework to define failure criteria and changes in the arching properties between pre-
and post- failure granular assemblies. This would most likely require the definition of the
displacements and their description in relation to the failure events, hence to the stress.
Such an extended OSL model would be applicable to dynamic situations and would then

obviously have the potential for valuable industrial and geophysical applications.

APPENDIX

Alternate regression methods
The effect of the choice of the cost function F is illustrated here using two other
examples of possible distances to fit the three models to the dry, free-surface data. In

order to account for the irregular data sampling in poured mass, with a large point density
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for small piling heights and very few data points for large piling heights, a normalized
Euclidian distance E,, is introduced.

| o o 2 (49)
EW - N_ZH;V [_ﬂlpp i pred ] ,
Pl AM

app

where H,, is a measure of the distance between data points, which applies a weighing
inversely proportional to the data points density.
H;V:(Hi+1—Hi_1)/2 for 1<i<N,,and (50)
H,=(H>-H')2 and HY =(HY -H"")2

The second alternate distance is the least mean square fit £, , which is the root mean

rms 2

square (rms) error in the model fit compared to the data.

1 N . ‘ (51)
B, = \/N_ Z (M:tpp o M;red )2

4 i
The results are shown is Figs. 3-10A and 3-10B, respectively, which should to be
compared with Fig. 3-3A. Since both E,, and E,  bypass the issue of increased weight
given to the data points in the small piling height region (see section 3-5.1.1), the quality
of model fits to the data can be evaluated over the entire curve. The improvement of the
OSL model over the other two models is visually discernable. The modified Janssen

model fit is close to the OSL model fit when using the distance £, .

Numerical instabilities
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Numerical instabilities arise in a region of the parameter space that can be roughly

identified as y < —1. The problem was resolved by smoothing the horizontal profiles of

the stress tensor components every 100 vertical grid levels using a fourth-order
polynomial. Note that the stress profiles were also smoothed before evaluating the
apparent mass at the required piling heights, which was done outside the incremental
stress propagation algorithm to avoid perturbations to the regularity at which smoothing
is done.

Several attempts were made to choose the frequency at which smoothing was
applied. Correcting the stress profiles too often induces deviations from the stable, non-
smoothed apparent mass prediction. This is illustrated in Fig. 3-11A. In addition, another
strategy was persued, consisting in coarsening the discretization grid. Results are shown
in Fig.11B. The apparent mass prediction is affected by the grid cell size, as advertised
earlier (see section 3-4.1.4), while numerical instabilities may still be present, for
example when doubling the grid cell size in the case displayed in Fig. 3-11B. This
approach was abandoned.

The stress fields from two simulation scenarios are shown in Fig. 3-12. The top
panel displays the case of the parameters corresponding to the model fit to the dry, free-
surface data obtained by smoothing numerical instabilities. The bottom panel shows the
case of nearby parameters that are outside of the parameter space subset where numerical
instabilities occur but still yield a similar goodness of fit due to the extension of the
optimal parameter region (see section 3-5.4.3). Differences are very minor, indicating

that the stress fields are not significantly impacted by the smoothing procedure.
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This algorithm was applied to all the OSL numerical simulations for the dry, free-
surface dataset, including the entire data regression for this case. No smoothing was
applied for the other four datasets since their optimal parameters were outside of the

region where numerical instabilities occur.

Acknowledgements: Financial support was provided by the U.S National Science

Foundation.
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Figure 3-1: Schematic of the small-scale stress propagation rule. Granular
packing in a vertical plane (r,z), showing the arching angle 7,
i.e. the major principal axis of the texture tensor at a point
within the granular assembly. The thick, gray lines represent
the characteristics along which stress is propagated. The
darker grains symbolize a force line
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Figure 3-2: Schematic illustrating the aspect ratio of a computational grid
cell. For a given radial step Ar, the vertical step Az is set by the
largest of the two slopes ¢, of the characteristics, which is ¢,

in this example.
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Figure 3-3: Model fits for free-surface datasets. Apparent mass versus
poured mass. Each data point, represented by a triangle,
corresponds to the ensemble mean of all the repeated runs for
a fixed piling height. The dash-dot, dashed and solid curves
show model fits to the data (see section 3-4.3 for a description
of the regression method used to estimate the model
parameters), respectively with the Janssen, modified Janssen
and OSL models. The obliqgue gray line represents the
lithostatic behavior. The vertical line corresponds to the
standard deviation of one point representative of the
asymptotic regime. A. Dry dataset. B. Immersed dataset. C.
Settled dataset
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Figure 3-4: Model fits for overweight datasets. Apparent mass versus
poured mass, both normalized by the asymptotic mass.
Triangles connected by a dotted line represent data, each point
corresponding to the ensemble mean of all the repeated runs
for a fixed piling height. The dash-dot and solid curves show
model fits to the data (see section 3-4.3 for a description of the
regression method used to estimate the model parameters),
respectively with the Janssen and OSL models. The dashed
curve shows the OSL model prediction using the parameters
estimated from a fit to the free-surface data. The oblique gray
line represents the lithostatic behavior. A. Dry dataset. B.
Immersed dataset
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Figure 3-5: OSL model predictions. Apparent mass versus poured mass,
both normalized by the asymptotic mass. Filled symbols
connected by dotted lines are data points. Gray and black are
used respectively for the dry and immersed cases. Solid curves
show the OSL model fits to the data. Dashed curves show the
OSL model prediction using the parameters estimated from a fit
to the other overweight dataset (i.e., for example, the gray,
dashed curve is the model prediction for the dry, overweight
case when using the OSL parameters estimated from a fit to the
immersed, overweight dataset)
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Scaled, overweight-induced contribution
to overweight piling apparent mass
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Figure 3-6: Overweight datasets collapse. Contribution to the apparent
mass of overweight pilings induced by the overweight,

H H overweight free—surface
normalized by the overweight mass ((Mapp -M ) M)

app
Symbols are obtained from free-surface and overweight data
points. Circles and squares respectively correspond to the dry
and immersed cases. Curves are derived from OSL model fits
to the data (shown in Figs. 3-3 and 3-4). A. Plotted against
poured mass. B. Plotted against piling height
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Figure 3-7: Simulated stresses within pilings. Vertical cross-section of the
color-coded stress intensity (in Pa) extending from the piling
central axis to the wall. Pressure and shear stress obtained
from the same simulation are shown respectively in the left and
right panels in each subplot, with vertical axis labeled
respectively as poured mass and piling height. Simulations
correspond to the parameters estimated from model fits to each
of the 5 datasets, as labeled on figure
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Figure 3-8: Model predictions with fluctuations of the arching angle.
Apparent mass versus poured mass for the dry datasets.
Squares and triangles correspond respectively to the free-
surface and overweight data points. There are three series of
curves, each consisting of 10 thin, gray and 2 thick, black
curves. Gray curves show OSL model predictions with random
fluctuations of the arching angle. Black curves show
respectively the ensemble average of the ten realizations (solid)
and the model prediction without noise (dashed). The series of
curves correspond to the free-surface (lower) and overweight
(upper) cases, and to the scenario of model predictions for
overweight pilings using free-surface model parameters
(middle). Random noise is added to the mean arching angle
derived using the OSL parameters determined from model fit to
data (see section 3-5.3.2). The gray, dashed lines represent the
lithostatic behavior. A. Long correlation range (a=0.9) and

small magnitude (rﬁ :0.0270) of the arching angle fluctuations.
B. Short correlation range (a :0.3) and large magnitude
(z'a = 0.0510) of the arching angle fluctuations. Insets for Figures

8A and 8B. Vertical profile of the arching angle 7, taken half a
radius away from the piling center and plotted in degrees,
versus piling height
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Figure 3-9: Pair-wise comparisons of the OSL parameters estimated by
fitting the data. Color-coded quadratic error arrays plotted in
the(n,y) parameter space. Each array is scaled by its minimum

value and masked at twice its minimum value, so the unique
color scale is relative to each error array, even within the same
subplot. Black solid lines represent the bounds of the stability
cone determined from the Mohr-Coulomb criteria and evaluated
using the appropriate (i.e. dry or immersed) repose and wall
friction angles. The compared arrays correspond to the
following datasets: A. Free-surface, dry (upper) and free-
surface, immersed (lower). The widest stability cone represents
dry conditions. B. Free-surface, immersed (upper) and free-
surface, settled (lower). C. Free-surface, dry (upper) and
overweight, dry (lower). D. Free-surface, immersed (upper) and
overweight, immersed (lower)
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Figure 3-10: Different regression methods for OSL model fit to the free-
surface, dry dataset. Apparent mass versus poured mass.
Triangles are data points. The dash-dot, dashed and solid
curves show model fits to the data, respectively with the
Janssen, modified Janssen and OSL models. The oblique gray
line represents the lithostatic behavior. The vertical line
corresponds to the standard deviation of one point
representative of the asymptotic regime. A. Regression method
using a normalized Euclidian distance weighed with inverse
data points density (see Appendix A.l). B. Regression method
using a least mean square fit.



167

Figure 3-11: Suppression of numerical instabilities. Apparent mass versus
poured mass for dry datasets. Squares and circles correspond
respectively to the free-surface and overweight data points. The
2 gray curves show respectively OSL model fit to the free-
surface data and OSL model prediction for overweight pilings
using free-surface model parameters, both realized with a
discretization of the piling consisting of 200 bins in the radial
direction. The black curves are OSL model predictions obtained
for the same OSL parameters as the gray curves but modifying
the numerical simulations. A. By smoothing the horizontal
stress profiles (see Appendix A.2) every 100 (solid), 10 (dashed)
or at each (dash-dot) vertical bin(s). B. By coarsening the radial
grid size to 100 (solid), 50 (dashed) and 25 (dash-dot) bins
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Figure 3-12: Simulated stresses within pilings with numerical instabilities
(see Fig. 3-7 for details on cross-sectional views of stress
fields). Simulations correspond to the parameters estimated
from the model fit to the free-surface, dry dataset
(7 =1.47, u=-0.9) with smoothing of horizontal stress profiles

every 100 vertical (upper subplot) bins and a sub-optimal pair
of OSL parameters (7 =1.30, x=-0.3) close to the estimated
parameters from the fit to the free-surface, dry dataset but that
do not cause numerical instabilities (lower subplot)
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ABSTRACT

CHIRP seismic and high-resolution swath bathymetry data recently acquired
offshore La Jolla, California provide an unprecedented three-dimensional depiction of the
La Jolla and Scripps submarine canyons. Uplift and subsidence associated with
constraining and releasing bends along the right lateral Rose Canyon fault system impart
a shore-parallel pattern of deformation that controls nearshore sediment accumulation and
canyon morphology. Because of the orthogonal geometry, it is possible to assess the
impact of local tectonic deformation versus eustatic sea level fluctuations on nearshore
processes. Based on stratal geometry and acoustic character, I identify three sedimentary
sequences overlying a prominent angular unconformity inferred to be the transgressive
surface: an acoustically laminated estuarine unit, an infilling unit formed during the so-
called “healing-phase,” and an upper Holocene transparent unit. Beneath the
transgressive surface, steeply dipping beds are observed with several dip reversals that
record the faulting and folding along the Rose Canyon fault system. In addition to the dip
reversals, relief along the transgressive surface, being shallow in the north with its depth
systematically increasing toward the south near the canyon heads, records the tectonic
wrenching in the region. Furthermore, the small-scale roughness observed on the
transgressive surface decreases in water depths < 25 m, which may reflect the diminished
rate of sea level rise and thus longer exposure to wave-base erosion at these water depths.
Isopach and structure contour maps for the region reveal the close interplay between
spatial distribution and thickness of these units and tectonic deformation. For example,

the estuarine units are predominantly deposited along the edges of the canyons that may
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have been inlets along barrier beaches during the sea level rise. The distribution of the
infilling unit is controlled by a structural low seaward of an erosional notch and most
likely represents a transgressive lag. The thickness and distribution of the Holocene
transparent unit is controlled by the long wavelength relief on the transgressive surface
and by hydrodynamics. Finally, I refine the relationship between the development of the
Scripps and La Jolla canyons and tectonic deformation in the region. The Scripps Canyon
is located at the crest of an antiform, where the rocks are faulted and more susceptible to
erosion. The asymmetric morphology of the La Jolla canyon is linked to folding and
back-tilting along the Rose Canyon fault. Such a detailed understanding of the geologic
framework 1is critical when investigating nearshore sediment accumulation and

morphology along a tectonically active margin.
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INTRODUCTION

The importance of underlying structures in controlling the formation and
evolution of morphological features and sediment accumulation has long been
appreciated (Emery 1958; Shepard and Emery 1941). Several studies illustrate the
influence of tectonic deformation on geomorphology, such as continental slope
morphology on tectonically active margins (Pratson and Haxby 1996) or drainage
patterns and formation of fluvial terraces (Peters and van Balen 2007). Tectonics also
plays a role in secondary morphological characteristics, for instance the orientation of
fissure-ridge travertines (Altunel and Hancock 1993) or pockmark formation and
distribution in shallow water estuaries (Rogers ef al. 2006). Long-term retreat of modern
beaches (Honeycutt and Krantz 2003) and the preservation and evolution of barrier-island
system (Belknap and Kraft 1985; Harris et al. 2005; Schwab et al. 2000; Thieler et al.
2001) as well as short-term dynamic processes such as the position and stability of
sandbars in the nearshore (McNinch 2004) are also affected by underlying structures.
Here I present new geophysical and geological data that show the importance of tectonic
deformation in controlling canyon location and morphology as well as on the distribution
of modern sediment offshore La Jolla, California.

The sedimentary and morphological evolution of continental margins depends on
many factors, three of which are eustasy, sediment supply, and tectonic deformation
(Christie-Blick and Driscoll 1995; Posamentier and Allen 1999). On active margins
tectonics plays a large role in controlling the nearshore physiography. Discerning how

these parameters affect sediment accumulation is often difficult even when the factors are
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operating at different spatial scales (Sommerfield and Lee 2003, 2004). In our study site,
transpression and transtension associated with the dextral Rose Canyon fault create
deformation that is shore parallel and thus can be isolated from the regional tectonic
uplift and eustatic fluctuations that impart base level changes with a cross-shore
orientation. Our work examines how local deformation affects the relief on the
transgressive surface, which in turn, plays an important role in controlling regions of
sediment bypass and accumulation. I also focus on the role of faulting and folding in
submarine canyon development. Research on active processes in submarine canyons
indicates that their formation is usually a combination of several factors. In many
instances, both erosional mechanisms and tectonic processes are proposed to explain
submarine canyon formation, through preferential erosion of a weaker substrate
associated with tectonic deformation (e.g., Cirac ef al. 2001). However, most research has
focused on erosional mechanisms including gravitational slides, undercutting,
retrogressive failures, axial incision, breaching, sapping, downslope-eroding sediment
flows, overpressure build-up, and earthquake-induced failures (Baztan et al. 2005;
Chamberlain 1964; Dill 1969; Driscoll and Uchupi 1997; Marshall 1978; Mastbergen and
van den Berg 2003; Pratson et al. 1994; Wolinsky and Pratson 2007).

The La Jolla Canyon and the surrounding continental margin (Fig. 4-1) is one of
the most studied sites of its nature worldwide (Brueggeman 2008). The geological setting
consists of Cretaceous mudstones, sandstones, and conglomerates overlain by Eocene and
younger shales, siltstones, sandstones, and conglomerates with several unconformities
(Kennedy 1975; Lomar et al. 1979). The Rose Canyon Fault Zone (RCFZ; Moore 1972;

Treiman 1993), a right-lateral, strike-slip fault system in the California Borderlands, is a
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major tectonic feature in the area. Wave-cut notches are observed along the shelf at
various water depths and appear to record still-stands during the last sea level
transgression (Byrd et al. 1975; Darigo and Osbourne 1986; Emery 1958; Henry 1976;
Waggoner 1979). La Jolla Bay is located at the southern end of the Oceanside littoral cell
with dominant sediment transport to the south (Inman and Chamberlain 1960). Multiple
studies have examined the Holocene sediment distribution (Henry 1976; Waggoner
1979), origin, age, transport mechanisms, and transport pathways (Everts and Dill 1988;
Haas 2005; Young and Ashford 2006), particularly in relation to the dynamics of littoral
cell (Inman and Masters 1991a, 1991b). Research on the Quaternary sediment cover on
the shelf off San Diego County has also focused on coastal management, protection of
marine habitats and resource inventory for mining purposes (Darigo and Osbourne 1986).
The sediment thickness exhibits a wedge-shaped cross-shore profile with a mid-shelf
depocenter (Byrd et al. 1975; Henry 1976; Hogarth ef al. 2007). Sediment input mostly
consists of sand and silt derived from river discharge to the north and cliff erosion (Haas
2005; Stow and Chang 1987; Young and Ashford 2006). The relative importance of the
past and present contributions of these sources is not well constrained. This is partly due
to the episodic nature of these inputs, which depend on climate forcing and watershed
alteration (Inman and Jenkins 1999; Warrick and Rubin. 2007). Knowledge of the overall
patterns observed in modern sediment transport and distribution over the inner shelf
provides a regional context for our study.

Multiple aspects of the La Jolla Canyon, including its physiography, geology,
physical oceanography, and biology have been investigated. The close proximity to

Scripps Institution of Oceanography allowed a diverse research community easy access
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to the submarine canyon. This canyon was the site of the earliest scuba diving and
submersible explorations (Shepard 1972), which increased our understanding of these
and other underwater valleys (Shepard 1981). This work has yielded fundamental
scientific advances in the understanding of canyon morphology and architecture
(Buffington 1964; Shepard and Dill 1966), the role of canyons for transport between deep
oceans and shallow waters, submarine fan stratigraphy (Covault et al. 2007), turbidity
flows and bottom canyon currents (Inman et al. 1976), erosive processes accompanying
the formation and persistence of canyons (Shepard 1981), sedimentation and erosion at
canyon heads (Chamberlain 1964; Dill 1964), and interactions between canyons and biota
(Vetter 1994). The upper course of the La Jolla submarine canyon is predominantly
controlled by the RCFZ (Buffington 1964; Moore 1972). The canyon has two branches,
the Scripps Branch and the La Jolla Branch. Because the entire canyon has been termed
the La Jolla Canyon, for clarity purposes, I will refer to the entire canyon as the La Jolla
Canyon System. The La Jolla and the Scripps canyon heads extend into shallow water
(~8-10 m) and as such they modify nearshore circulation, surface wave patterns, and
littoral sediment transport (Shepard and Inman 1950; Thomson et al. 2005). In addition,
currents measured along the floor of the canyons show a strong tidal signal (Inman et al.
1976; Shepard et al. 1977). The La Jolla and Scripps canyons are large morphologic
features and are dynamic pathways for sediment transport to the deep sea. To date much
of the research focus has been on canyon morphology and active sediment transport
(Chamberlain 1964; Dill 1964; Marshall 1978). Nevertheless, tectonic deformation also
plays an important role in controlling canyon morphology and the long-term sediment

accumulation in the region (e.g., Hogarth et al. 2007).
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In this study, high-resolution seismic and bathymetric data acquired offshore La
Jolla between the surf zone and the shelf break (Fig. 4-2A) allow the examination of the
tectonic control on the formation of and evolution of the La Jolla and Scripps submarine
canyons as well as the impact of tectonics on Holocene sedimentation on the inner shelf

offshore La Jolla.

METHODOLOGY

Data acquisition

In 2002 and 2003, high-resolution swath bathymetry and seismic data were
acquired offshore La Jolla, Southern California during three successive cruises. The
surveys covered the narrow shelf from Point La Jolla north to Penasquitos Lagoon. The
survey tracks mostly consist of strike lines with about 150 m line spacing, augmented
with four dip lines (Fig. 4-2A). I used a SwathPlus-L (formerly Submetrix)
interferometric swath bathymetric sonar by Sea Ltd (http://www.sea.co.uk) and the
Scripps subbottom reflection sonar system (SUBSCAN), which is a modified EdgeTech
(http://www.edgetech.com/) system and includes a dual transducer X-Star sonar with an
ADSL link from the fish to the topside computers.

The SwathPlus-L sonar, which operates at 117 kHz and has a nominal cross-track
resolution up to 15 cm, yielded better than 50 cm horizontal resolution even over the
steep topographic features of the survey area, up to at least 75 m depth. The SUBSCAN
sonar uses a 50 ms swept pulse across a 1.5 — 5 kHz range with 24° beam width, yielding

sub-meter vertical resolution to sub-seafloor depths of approximately 50 m. During the
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nearshore surveys in 2002 onboard the RV Saikhon, the SwathPlus-L system was
attached to a side-mount while the SUBSCAN system was ‘floated” on a surface tow
frame. The deployment configuration was complemented with an on-board motion sensor
and a global positioning system (GPS) receiver to measure attitude and position. A
second GPS receiver was attached to the surface tow frame to minimize navigation error
for the CHIRP data. During the offshore survey in 2003 onboard the R/V Sproul, only
seismic data were collected and the SUBSCAN system was towed at approximately 10 m
above the seafloor. Winch cable payout records allowed for the correction of layback
error. Data were acquired at a ship speed of approximately 4-5 knots for both surveys.

In December 2007 and January 2008, a survey was performed with a Light
Detection and Ranging (LIDAR; Hsieh et al. 2007) system to map the sea cliffs between
La Jolla Cove and the southern portion of La Jolla Shores beach. Faulting and folding are
observed along the sea cliffs in this region as a result of deformation along RCFZ (Figs.
4-1 and 4-2). LIDAR is an optical remote sensing technology yielding a high-resolution
spatial record of a target surface in the form of a point cloud representation. I used the I-
site 4400-LR (http://www.isite3d.com/) terrestrial LIDAR system, a diode laser operating
at 905 nm wavelength, with 360° of field of view and 80° of angular range in the vertical.
By scanning the cliffs orthogonally at approximately 100 m spacing and with a target
distance of 100 m, we obtain a point density of 5-10 cm with 5 cm resolution in range. In
addition to range and intensity, a panoramic high-resolution digital camera was used to
simultaneously map color information to each scan point.

Finally, a short push core was acquired during a scuba dive on Dec 14™ 2007

from a layer that outcrops along a ridge at 23 meters water depth near the head of the La
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Jolla Canyon (Figs. 4-2A and 4-3). The site was selected to ground-truth one of the
stratigraphic packages identified in the seismic data, which has a laminated acoustic
signature and outcrops in this area. A 2-inch diameter clear plastic tube with a tapered
extremity was pushed into the seafloor and capped before pulling it out to create suction
and improve sediment recovery. The lower end of the core was capped underwater so that

the sample was well preserved. The core was split, described and photographed.

Data Processing

Processing the raw bathymetry data involved numerous steps. First, several
corrections were applied using the proprietary SwathPlus software developed by SEA,
Ltd. The soundings were corrected incorporating the acquisition parameters - attitude and
position - as well as water level fluctuations due to tidal elevations using observations
from the NOAA tide gauge installed at the Scripps Pier in La Jolla. The vertical datum
was shifted from MLLW to NAVD 88. The sound speed was adjusted using profiles
measured during the survey in order to account for the variability between nearshore,
shelf and deeper waters within the submarine canyons. Uncertainties in the exact
positions of the CTD casts were corrected by using the measured profiles to match cast
depth with water depth. Other artifacts, including errors due to low-frequency vessel
motion poorly captured by the motion sensor, were removed by filtering each sounding
using SwathPlus software options. Then, remaining outliers were discarded and the data
volume was gridded at 50 cm resolution with a continuous curvature spline in tension.
Finally, the data were smoothed using a linear convolution filter of 11.5 meters averaging

window size in both horizontal directions. Because the bathymetry is rather devoid of
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bedforms in the 2 — 10 m wavelength range and I am interested in the larger scale
morphology, these filters, designed to remove artifacts from the data, did not alias
features of interest.

After converting the seismic data from the original X-Star format into standard
SEG-Y, the seismic data were heave-corrected, processed, and plotted using SIOSEIS
(Henkart 2003) and SeismicUnix (Cohen and Stockwell 2002) seismic processing
software packages. In addition, depths to various acoustic reflectors identified in each
profile were digitized. The corresponding horizons were then gridded at 10 meter
resolution and used to generate isopach maps of the stratigraphic packages. In order to
convert travel time to sediment thickness, a velocity of 1720 m/s was used for non-silty
sediments and a velocity of 1520 m/s was used for water and mud-dominated sediments
(Jackson ef al. 1996, Buckingham and Richardson 2002; Williams et al. 2002). I used the
Interactive Visualization Systems (IVS, Fledermaus, http://www.ivs3d.com) software to
merge all graphic elements into three-dimensional perspective views.

The LIDAR point clouds were merged from multiple scans using differential
global positioning satellites (DGPS) coordinates in combination with common features
that can be identified within the data sets. Using the I-site Studio software as well as an
improved merging software (Olsen, M.J., Personal software 2008), the error due to
alignment of overlapping areas of the scans is reduced to 10 cm. Additionally,

undesirable returns such as tall vegetation were removed.

RESULTS
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Bathymetry

Our survey provides very detailed bathymetry of the shallow section of the
prominent La Jolla submarine canyon, inboard of the confluence of the two branches
(Fig. 4-2B). Our dataset extends north of the submarine canyon system where the relief
diminishes. The offshore pop-up structure characterized by a marked seaward deflection
of the isobaths (Fig. 4-1; Hogarth et al. 2007) is north of our high-resolution bathymetry
dataset (Fig. 4-2). The prominent northward shoaling of the transgressive surface
(Hogarth ef al. 2007) is not manifested in the inner shelf bathymetry as the isobaths
parallel the coastline in this area. Note that, out of the three heads of the Scripps Canyon,
only the largest one, North Branch, is well imaged (Figs. 4-2B and 4-3). The Sumner and
South branches of the Scripps Canyon (Rindell 1991) were not well sampled as a result
of the orientation of the survey and the lack of soundings over the narrow branches. I will
first present the results for the canyon morphology and then I will discuss the
stratigraphic packages observed along the margin from oldest to youngest based on the

first comprehensive maps of their aerial distribution offshore La Jolla.

Canyon Morphology

The two canyons, as revealed by our new high-resolution bathymetry, exhibit
very different morphologies (Fig. 4-2B). The La Jolla Canyon is much wider than the
Scripps Canyon, especially near its head (Fig. 4-3). At 75 m, the Scripps Canyon is ~150
m wide and narrows to ~30 m wide near its head. In contrast, the width of the La Jolla
Canyon oscillates between 200 m and 250 m along its length, being widest at its head. In

addition, the Scripps Canyon is very linear, whereas the La Jolla Canyon gently curves to
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the north with a 30° change in its azimuth from the canyon head to where it intersects the
Scripps canyon. The Scripps Canyon head is narrow and steep-walled. Conversely, the
La Jolla Canyon head is characterized by a concave upwards morphology with moderate
slopes. Furthermore, the La Jolla Canyon heads are more rounded as they widen upwards.
The upper reaches of the La Jolla Canyon are dissected by a number of ridges and gullies
(Fig. 4-3). Some of these ridges extend quite far into the canyon acting as promontories
separating the bowl-shaped canyon heads. The La Jolla Canyon appears to be the
dominant branch with the Scripps Canyon being subordinate and intersecting the La Jolla

Canyon System at a high angle (Fig. 4-1).

Secondary incisions

The morphology of the secondary incisions along the walls of the two canyons is
also dissimilar. For example, the La Jolla Canyon has just a few large and deep side
channels incised into the consolidated basement rock. Near or within the head of the
canyon, these channels are long and remarkably tortuous, with one in particular taking
two well defined and opposite turns (“S”; Fig. 4-2B). The incision located closest to the
intersection with the Scripps Canyon is wide and rounded, resembling the scalloping on
the east wall of the La Jolla Canyon System north of the intersection (Fig. 4-1). One of
these incisions on the east wall of the La Jolla Canyon System is suggested in our dataset
by the shoreward inflexion of the 75 m isobaths causing an apparent depression in the
bathymetry just north of the intersection of the branches (northernmost “I”’; Fig. 4-2B). In
contrast with the La Jolla Canyon, the secondary side canyons of the Scripps Canyon

have smoother walls and are shallower, being mostly restricted to the upper
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unconsolidated sediments. Despite their gentle slopes, some secondary canyons extend
far away from the canyon axis (~ 500 m, Figs. 4-2 and 4-3; and up to 1 km, Fig. 4-6A).
More secondary channels are observed along the Scripps Canyon than in the La Jolla
Canyon, with a wide range in size and separation. As a consequence, the slope of the
upper walls along the Scripps Canyon is highly variable (Fig. 4-3). Secondary channel
orientation is in general not perpendicular to the main channel but is predominantly
oblique to the axis of the Scripps Canyon. Farther north along the margin, a notch is
observed in the bathymetry that defines the southeast corner of the pop-up structure and

is where the Rose Canyon Fault takes a westerly jog (Fig. 4-1).

Asymmetry between the north and south walls

The canyon walls exhibit marked asymmetry (Figs. 4-2 and 4-3). For example,
most of the ridges and secondary channels of the La Jolla Canyon occur on its north wall.
Conversely, the south wall has little or no secondary incisions, especially in the shallow
section near the canyon head. In the Scripps Canyon, the north and south walls exhibit
differences in size, shape, and number of secondary incisions, which are larger, deeper
and more frequent along the south side. The 20 meter isobath north of the Scripps
Canyon is deflected towards the east exhibiting a north-east trend as it wraps around the
shore-parallel North Branch at the head of the canyon. The resulting terrace along the
north rim of the canyon is about 15 m deeper than other along-shore locations at the same
cross-shore distance from the coastline (“T”’; Fig. 4-2B). The contours on the south side
of the canyon do not exhibit this deflection near the canyon. Consequently, in this

nearshore section of the Scripps Canyon, the greatest relief is along the southern rim.
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Despite these many differences in morphology, the canyons do share some
morphologic features. One similarity is the northward orientation of their heads. As the
canyons come close to the shoreline after crossing the entire shelf, their shallow
extensions are preferentially developed towards the north. Another common trait is that,
except for the head of the La Jolla Canyon, the slopes of the walls are very steep in both

canyons.

Transgressive surface structure

The transgressive surface is identified in seismic profiles by marked truncation of
underlying bedding. The transgressive surface is generally quite flat and exhibits high
acoustic reflectivity. As reported by Hogarth et al. (2007), a constraining bend in the
Rose Canyon Fault in the north of the study area creates a structural high in the
transgressive surface. Beyond this first order effect, our analysis brings to light several
other features of the transgressive surface in this region.

The transgressive surface shows much variability in the along-shore and cross-
shore directions. It is relatively high on either side and in the immediate proximity of the
La Jolla and Scripps canyons (Fig. 4-4). To the south of the La Jolla Canyon, Cretaceous
mudstones outcrop on the seafloor. Between the two canyons the transgressive surface is
relatively flat, uniformly slopes to the northwest, and is overlain by up to 20 m of
sediments. The high in the transgressive surface near the Scripps Canyon is more
pronounced to the north of the canyon (Fig. 4-4). Farther to the north of the Scripps
Canyon, a saddle along the transgressive surface is observed between the high coincident

with the Scripps Canyon and the high associated with the pop-up structure described by
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Hogarth et al. (2007). Within this low, strike profiles show a localized high offshore with
an along- and cross-shore extent of ~1 km and moderate vertical relief of a few meters
(Figs. 4-4 and 4-5). In dip lines we observe several notches or wave cut terraces that
create relief in the transgressive surface (Fig. 4-6B). These notches have relief on the
order of several meters.

A notable decrease in roughness along the transgressive surface is observed from
offshore to onshore. Seismic profiles show variation in roughness offshore with less
variation nearshore (Fig. 4-5). The onshore trend of the Carmel Valley Fault appears to
be aligned with the deformation observed in water depths > ~45 m (Figs. 4-2A and 4-4).
At shallower depths the expression of the fault on the transgressive surface is subtle and
only delineated by changes in bedding orientation below the transgressive surface.
Furthermore, notches observed in dip lines are confined to deeper water depths (> 20-30
m) and, their relief increases with water depth (Fig. 4-6B).

Three areas exhibit reversals in the regional southern dip of bedding beneath the
transgressive surface (Fig. 4-7H). Bedding dips to the north in the following locations: 1)
directly north of the La Jolla Canyon, 2) directly north of the Scripps Canyon (Fig. 4-4),
and 3) in the localized offshore high aligned with the Carmel Valley fault (Fig. 4-4).
Reversal of dip on beds below the transgressive surface north of the La Jolla Canyon
extends approximately 500 m towards Scripps Canyon. This dip reversal spans the area
on the northern side of the westward-stepping constraining bend of the Rose Canyon
Fault that controls uplift of Mt. Soledad to the south. The reversal of dip north of the
Scripps Canyon corresponds to the northern extent of the high in the transgressive

surface. In addition, the east-west strikes of the bedding offshore follow the orientation of
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the Rose Canyon Fault similar to the northwest-southeast strikes of bedding measured on
land to the east by Kennedy (1975). Nevertheless, where the reversal of dip is observed

the offshore units dip more steeply to the north (~15-20°) than those onshore (~5-10°).

Tectonic expressions on-land

Observations from the sea cliffs in our survey area, offer an ideal opportunity to
examine the along-shore variability of the tectonic landscape, which complements our
offshore observations. In the northern part of our study area, Legg and Kennedy
identified a system of east-west trending oblique faults (1979), including the Carmel
Valley and Salk faults. Sea cliffs between the south extremity of La Jolla Shores beach
and Point La Jolla are of particular significance because they lie within the RCFZ, where
trench studies suggest Holocene deformation (Lindvall and Rockwell 1995). Visual
observations at this location are augmented by analysis of LIDAR data (Fig. 4-8). Along
the seacliffs, we observe three strike-slip faults, namely the Country Club, Mount
Soledad, and Rose Canyon faults from south to north (Figs. 4-2A and 4-8; Treiman
1993), as well as a number of more diffuse fault splays. The change in coastal relief from
the low-lying La Jolla Shores to the sea cliffs parallels the change in seabed type from
sandy bottom to the kelp-bearing rocky substrate observed around Point La Jolla. This
transition from mobile sands to hardgrounds is associated with the Rose Canyon Fault,
which lines up with the La Jolla Canyon, and delineates the northern extent of the uplift
of Mount Soledad. In turn, the Country Club Fault correlates with a zone of increased
seafloor roughness that occurs immediately south of the La Jolla Canyon. The Country

Club Fault is also associated with differences in erosion patterns along the sea cliffs.
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South of the Country Club Fault and north of the Mount Soledad Fault, rocks are sand-
dominated while in between these two faults they are mud-dominated. The southernmost
sand-dominated cliffs have eroded into small caves, which provide habitat for a large bird
population. Finally, we observe another expression of this deformation in the tide pool
rocks in front of a narrow cobble beach backed by the faulted cliffs. Outcropping rocks
are tilted at least 25° to the south to form a regular pattern of cuestas with a short

horizontal wavelength of 5 m to 10 m (Fig. 4-8).

Sedimentary Units Offshore La Jolla

Estuarine unit

Near the canyons, a unit characterized by parallel, highly reflective horizons inter-
bedded with acoustically transparent sediments is observed beneath the transgressive
surface (Figs. 4-4, 4-6A, and 4-9A). Furthermore, these layers tend to attenuate the
acoustic signature of underlying bedding quite effectively. Push cores obtained by divers
at ~ 23 m depth in the head of the La Jolla Canyon recovered fine-grained muds
interbedded with sands (Figs. 4-2A, 4-3 and 4-9C). An isopach map of these acoustically
laminated sediments shows that they occur at the canyon edges (Fig. 4-7G). These
sediments have a large spatial extent at the head of the La Jolla Canyon, whereas they are
confined to the edges of the Scripps Canyon. Furthermore, the sediments of this unit are

thicker near the La Jolla Canyon (> 10 m thick) than in the Scripps Canyon.

Healing-phase deposits
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Within the sediments overlying the transgressive surface, a basal unit exhibiting
distinct lamination is observed (Fig. 4-6). The acoustic character of these sediments is
different from the unit observed near the canyons: these have sub-parallel, highly
reflective horizons inter-bedded with unevenly reflective layers. The unit is spatially
limited to the lows in the transgressive surface between the two canyons and to the north
of the Scripps Canyon (Figs. 4-4 and 4-6). These laminated sediments are thickest, up to
12 m thick, seaward of the 30 m isobath. Moreover, these deposits infill lows or notches
in the transgressive surface (Figs. 4-5 and 4-6B). Moving shoreward, similar units are
observed upsection that onlap the transgressive surface and also downlap onto older
deposits of the same nature.

An isopach map detailing the thickness and distribution of these basal
acoustically-reflective deposits shows marked variability (Fig. 4-7E), with a depocenter
just to the north of the Scripps Canyon infilling a structural low along the transgressive
surface (Fig. 4-7B). The landward limit of this unit is delineated by the 20 m contour
(Fig. 4-7E) with a marked increase in along-shore variability with depth. For example, at
~60 m water depth, the wavelength of variability is ~500 m, whereas at 40 m water depth
the wavelength increases to ~1 km. Although there is thickness variability in the entire
sediment package above the transgressive surface (Fig. 4-7D), most of the observed

variability is associated with thickness variations of this basal reflective unit (Fig. 4-7E).

Holocene sands

The uppermost unit is acoustically transparent, exhibits cross-shelf thickness

variability with a mid-shelf depocenter, and makes up the majority of sediment overlying
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the transgressive surface (Figs. 4-4 and 4-6). The unit is described as fine-grained to very
fine-grained, homogenous sands based on cores acquired in the area (Fig. 4-2A; Darigo
and Osbourne 1986; Hogarth er al. 2007). Despite being acoustically homogenous, the
transparent unit does contain several subtle, oblique or occasionally curved reflectors
(Fig. 4-10). These features appear in strike lines at the canyon edges, as the seabed slope
increases. They dip towards the canyon axis and, where curved, they are generally
concave upwards. They are usually acoustically faint and often disappear within the
transparent sediment package before intersecting or joining other acoustic reflectors at
depth. In general, they originate at or near the seabed, and sometimes occur in groups of
two or three sub-parallel reflectors. The geometry of these features is similar to seafloor
slopes observed along the modern canyon edges. Where the above-mentioned reflectors
intercept the basal highly-reflective package near the canyon edges, they appear to
truncate the underlying reflectors and also exhibit a change in trend from concave up to
concave down (Fig. 4-10B). Several profiles exhibit an apparent increase in thickness of
the transparent sediment unit in close proximity to the canyon due to the oblique
orientation of secondary channels (Fig. 4-6). This creates a concave up geometry of the
seabed in strike profiles crossing the canyon, reflecting the three-dimensionality of these
tributaries. By revealing the wide and shallow incisions not readily observable in the
bathymetry, our seismic data improves our characterization of these features.

An i1sopach map of the Holocene sediments (Fig. 4-7D), which consists of both
the reflective package that onlaps the transgressive surface (Fig. 4-7E) and the overlying
transparent sands (Fig. 4-7F), illustrates the infilling of relief observed along the

transgressive surface (Fig. 4-7B). In the isopach map (Fig. 4-7D), from south to north, we
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observe the following: 1) Holocene sediment is absent on top of the hard grounds south
of the La Jolla Canyon, 2) over 20 m of sediment overlies the erosional surface between
the two branches of the canyon, 3) there is a depocenter north of the Scripps Canyon, and
4) sediment thickness thins to ~5 m in a region between Scripps Canyon and the pop-up
structure to the north.

As previously mentioned, much of the variability in the thickness of the Holocene
unit (Fig. 4-7D) corresponds to variability in the basal, reflective package (Fig. 4-7E).
This basal unit makes up most of the depocenter north of the Scripps Canyon (Fig. 4-7E),
while the upper transparent unit accounts for the majority of sediment in the depocenter
between the two canyons (Fig. 4-7F). In addition, to the north of the Scripps Canyon
only, the overlying acoustically transparent unit (Fig. 4-7F) reveals a mid-shelf
depocenter. Note the slight seaward deflection of the mid-shelf depocenter toward the
north offshore Torrey Pines State Park reflecting deformation on the constraining bend

and uplifted pop-up structure (Hogarth et al. 2007).

DISCUSSION

Except for the La Jolla and Scripps Canyons, the transgressive surface offshore
La Jolla shows much more relief than the bathymetry because its structure is obscured by
modern sediment accumulation. Our observations of stratigraphic architecture, structural
variability, and detailed bathymetric features highlight the role of tectonics in canyon

location and morphology as well as Holocene sediment distribution and thickness.
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Structural controls on canyon location

Although researchers have long known that the Rose Canyon Fault controls the
location of the La Jolla Canyon, our data emphasize the offshore expression of the
constraining bend on the fault, which has a large influence on the structure of the shelf to
the north. The widespread dip reversal on bedding to the north of the La Jolla Canyon
(Fig. 4-7H) is similar to structures observed in other regions where compression results in
folding and back-tilting of bedding (e.g., Gulick and Meltzer 2002). The relatively steep
dip of these units is the expression of the compressional component of this tranpressional
strain regime, whereas the more shallowly inclined bedding mapped by Kennedy (1975)
onshore occurs where the fault is translational. The dipping beds and consequent cuestas
observed at the base of the cliffs and in shallow-water near the head of the La Jolla
Canyon further illustrate this deformation in the proximity of the RCFZ (Figs. 4-8 and 4-
110).

The transgressive surface is not just a simple monocline with uplift by the
northern pop-up structure (Hogarth er al. 2007). In fact, from south to north, the
transgressive surface deepens from the La Jolla Canyon until just north of the Scripps
Canyon (Fig. 4-11) at which point the transgressive surface shoals northward. This
localized northward deepening of the transgressive surface may indicate that the
influence of the southern constraining bend on the Rose Canyon Fault extends up to ~ 1
km to the north of the fault.

The seismic and bathymetric data suggest that the Scripps Canyon formed at the
apex of a structural antiform. While many other rectilinear canyons extending close to the

coastline appear to be fault controlled (e.g., the Redondo Canyon; Gardner et al. 2002),
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none of the en-echelon oblique faults observed in the sea cliffs onshore of the Scripps
Canyon correlate with its orientation (Fig. 4-2A). Instead, our new data image an
anticline that would explain the formation of the Scripps Canyon. We see expression of
this antiform most distinctly to the north of the Scripps Canyon in the reversal of the
regional southern dip on bedding beneath the transgressive surface (Figs. 4-4 and 4-7H).
Furthermore, although there is a subtle topographic high observed in the Submetrix
bathymetry, the high is clearly observed in the depth to the transgressive surface on the
north side of the Scripps Canyon (Figs. 4-4, 4-6A and 4-7B). I propose that erosion at the
apex of this antiform would be enhanced due to the faulted and structurally weakened
nature of the rock (Davis and Reynolds 1996) and that this antiform plays a significant
role in the location of the Scripps Canyon. Because of the linear morphology of the
Scripps Canyon, other researchers also invoked a tectonic control (Rindell 1991; Webb
1988). In their conceptual models joints related to the Torrey Pines Fault have been
proposed to exert a structural control on the orientation of the shallow water branches at
the head of the canyon. However, there is no evidence in seismic profiles of faults
intersecting the heads of the Scripps Canyon. In our scenario, these joints are not fault-

controlled, but are rather associated with tension along the crest of an antiform.

Morphology of the La Jolla Canyon

Tectonically induced structure governs the characteristics of secondary incisions
that link up with the La Jolla Canyon. The marked asymmetry exhibited by these
tributary channels, being much larger on the northern side, is likely controlled by

lithologic differences across the Rose Canyon Fault. Short, arcuate cuts in the south wall
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of the La Jolla Canyon (Figs. 4-3 and 4-11) occur due to the highly resistive nature of the
Cretaceous hard rock uplifted to the south of the Rose Canyon Fault. The secondary
channels on the northern wall of the La Jolla Canyon (Figs. 4-3 and 4-11) cut much
deeper into the adjacent shelf due to the less indurated substrate. The geometry of these
incisions appears to be controlled by faults and dipping bedding associated with the
RCFZ as well as Scripps Fault (Fig. 4-2A). For example, the largest secondary canyon of
~500 m length trends northeasterly, but takes an abrupt curve to the north at its head. This
sinuous morphology is coincident with Scripps Fault and back-tilted bedding (Fig. 4-11).
Similarly, tectonic framework may also play a role in the large width of the bowl-
shaped head of the La Jolla Canyon, as opposed to the narrow heads of the Scripps
Canyon (Fig. 4-3). I propose the La Jolla Canyon has grown asymmetrically with most of
the lateral development to the north where erosion can exploit the weaker, less indurated
Eocene rocks. Conversely, the south wall, which is incised into Cretaceous rocks, is
eroding at a much slower rate. Differential uplift across the Rose Canyon Fault as
evidenced by uplift of Mount Soledad and deformation of the transgressive surface might
also explain the northward deflection of the thalweg of the La Jolla Canyon (Fig. 4-11).
Complementary observations on the locations of the three main faults on land and
of their offshore extensions imaged in the seismic data refine our understanding of the
structural control on the formation of the La Jolla Canyon and on the morphology of the
surrounding inner shelf and coastline (Fig. 4-8). The thalweg of the La Jolla Canyon
occurs in a region of compression associated with the left-lateral jog along the Rose
Canyon Fault. South of this fault, outcrops of Cretaceous indurated mudstones and

sandstones influence kelp forest location (Hogarth et al 2007; Shepard and Emery 1941).
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The Country Club Fault, despite having large horizontal offset on land, has little
influence on the location of the La Jolla submarine canyon. This fault appears to correlate
with asperities in the transgressive surface observed directly northwest of Point La Jolla
that may be indicative of fault-induced displacement. The difference in erosional patterns
on the cliffs due to the change in lithology across this fault also influences the spatial

distribution of nesting habitats.

Morphology of the Scripps Canyon

The unlithified nature of the Holocene sediments affects the erosion, deposition,
and stability of the upper walls of the Scripps Canyon, which are incised by shallow
secondary channels. Some of the secondary canyon tributaries are active as evidenced by
continuous sediment fluxes and catastrophic slump events (Dill 1964; Marshall 1978).
The oblique intersection of these secondary incisions to the thalweg of the Scripps
Canyon suggests that they are not formed by gravitational failure alone, which would
yield a more orthogonal geometry (Farre et al. 1983). Nevertheless, erosion and
overprinting from bottom-up mechanisms driven by gravity are likely. Downslope-
eroding sediment flows, which could explain the oblique geometry of the secondary
incisions, may trigger retrogressive failures (Pratson and Coakley 1996). In addition,
Mastbergen and van den Berg (2003) recently proposed a breaching model based on
negative pore pressure build-up and tested it on a well-documented slide in the south wall
of the Scripps Canyon (Marshall 1978). The role of slope failure in forming these
channels is apparent in the shape of the canyon edges. The steep upper walls appear to be

formed by failure of the unlithified Holocene deposits. In addition, there is no observed



200

down-lap in the strike lines across the Scripps Canyon that would be indicative of the
non-deposition and sediment bypass associated with strong axial canyon currents. Faint
reflectors within the unconsolidated sediment facies may be evidence of ancient failure
events (Fig. 4-10).

The large morphological variability of the tributary channels of the Scripps
Canyon, (Figs. 4-2 and 4-3) may be explained by several factors including the spatial
heterogeneity of hydrodynamic forcing, sediment supply by the southward littoral drift,
and the structural framework. The transport and sorting of shelf sediments by surface
gravity waves is depth-dependant (Nielsen 1992). Divergence and convergence
phenomena due the effect of the canyon topography on wave propagation generate
extreme wave heights in localized zones and intense rip currents in other areas (Shepard
and Inman 1950). The southward orientation of sediment transport in the littoral cell
(Inman and Chamberlain 1960; Inman and Frautschy 1965; Inman and Masters 1991b),
being intercepted by the Scripps Canyon, may induce asymmetry in sediment supply
between the north and south walls. Differences in structure may also play a role in the
slope variability of the upper walls on the canyon. On the north side of the Scripps
Canyon, the pronounced northward dip of the bedrock along the antiform (Fig. 4-7H)
may enhance the stability of deposits. The wide range of morphologic features observed
in the canyon likely reflects different evolutionary histories of the side canyons. For
example, some side canyons may be young and more linear, whereas others are wider and
have been overprinted and reshaped by other processes. Understanding the evolution of
this morphology and asymmetry requires a more detailed spatial and temporal study. In

addition, the hypothesis of a young age for the Scripps Canyon could explain some of
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these features as well as its overall narrow shape. Indeed, younger age translates into

narrower canyons with less developed heads and side canyons (Farre et al. 1983).

Topographic effect

The distance away from the canyon over which the bathymetry is affected by the
presence of the canyon appears to be much larger than one may predict from basic
principles of mechanical stability. This distance is characterized by the average value of
the actual slope, which is related to the stability or erodability of the unconsolidated
sediments. For the upper walls of the Scripps Canyon and of the north side of the La Jolla
Canyon, the slopes cannot exceed the repose angle of saturated sands as they are eroded
into unconsolidated sediments. Small average slopes are associated with large areas
where the bathymetry is modified due to the canyon. Topographic effects of the Scripps
Canyon are observed as far as 1 km from the thalweg, despite the steepness of the lower
walls. This distance, which can be interpreted as a boundary layer length, is highly
variable along the Scripps Canyon and between the north and south walls (Figs. 4-2B and
4-3). The influence of local forcing parameters subject to small scale fluctuations could
partially account for this variability. For example, the terrace to the north of the Scripps
Canyon may be formed by localized larger waves that could result in enhanced sediment
resuspension and transport shoreward into the North Branch. As waves travel faster in
deeper water, the Scripps Canyon modifies the velocity and the direction of propagation
of incident waves. Refraction and reflection of gravity and infragravity waves can locally
engender an increase of wave height and of the associated energy flux just north of the

Scripps Canyon (Magne et al. 2007; Munk and Traylor 1947; Thomson ef al. 2007). This
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sediment resuspension and transport into the thalweg of the North Branch of the canyon
is consistent with the deflection of the 20 m isobath to the east (Fig. 4-2B). Alternatively,
the orientation of the North Branch of the canyon head might affect the interplay between
along and across shore sediment transport and play an important role in the capture of

sediment transported between the surf zone and the shelf.

Erosive processes at the canyon edges

A systematic investigation of the slopes versus rock type of canyons walls could
shed light on the relationships between lithology and submarine erosion processes. For
example, this would allow one to study the role of cohesion in erosion rate. At shallow
depths where sediment deposits are affected by wave and current, substrate along the La
Jolla and Scripps canyon walls range from unconsolidated sand to estuarine mud (Figs. 4-
4 and 4-9). Similarly, in some seismic profiles across the Scripps Canyon, the healing-
phase deposits could continue laterally towards the canyon, in which case the healing-
phase deposits would outcrop at the canyon walls. Although little is known about seafloor
instabilities (Pratson 2001), differences in consolidation of the sediments along the
canyon edges likely affect their stability. The change in facies may explain some
morphological aspects of the canyon edges, such as their variable slopes.

A better understanding of the failures observed along the edges of the canyons
could improve our knowledge of mechanisms and triggering factors for submarine
slumps, as well as the preservation of these events in the geologic record. The concave-up
horizons observed within the unconsolidated Holocene deposits (Fig. 4-10B) could be

ancient failures, possibly associated with storm events or earthquakes. Mapping the
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distribution of these failures within the Holocene layer may reveal correlation with
overlying sediment thickness or with water depth along the canyon edges. Alternatively,
preferred slump locations may be identified, with a possibly heterogeneous concentration
on either side of the canyons. A comparison of slopes between contemporary exposed
lagoonal substrate in the head of the La Jolla Canyon and ancient canyon edges covered
by recent sediment deposits could improve our understanding of canyon edge
morphology or provide information on the depositional environment of these relict
features. In addition, developing a method to estimate the age of failure events could lead
to examining timing relationships with triggering mechanisms such as earthquakes (Dill

1969; Marshall 1978; Shepard and Dill 1966).

Tectonic control on sediment distribution and thickness during the transgression
Three sedimentary units have been identified in the seismic data based on stratal
geometry, acoustic character, and analyses of sediment samples where available. I
interpret the highly reflective unit observed near the canyons and sampled by push cores
as an estuarine or lagoonal deposit, consistent with previous reports of estuarine
sediments within the head of the La Jolla Canyon (Holden 1968; Judy 1987; Shepard and
Dill 1966). To the best of our knowledge, the occurrence of this estuarine unit along the
edges of the Scripps Canyon has not reported. I identify the basal sediments infilling lows
or notches in the transgressive surface (Figs. 4-4, 4-5, and 4-6) as a healing-phase wedge,
while Darigo and Osbourne (1986) had considered this unit as Pleistocene sediments.
Healing-phase deposits have been referred to as transgressive backfill or transgressive lag

(e.g., Cattaneo and Steel 2003 and references therein). The overlying, acoustically
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transparent unit is interpreted to be Holocene unconsolidated sands, consistent with
Hogarth et al. (2007).

The geometries and locations of the three sedimentary units in the area reflect the
interplay of tectonics, eustacy, and sediment supply. The spatial distribution of the three
facies is controlled chiefly by eustacy and tectonics. We are able to distinguish the
influences of eustacy and transpressional tectonics because of the geometry; transpression
on the RCFZ imparts a shore parallel trend while effects due to sea level change and
long-term, regional tectonic deformation engender a cross-shore signal. As sea level rises
and a shoreline transgresses, areas of the coastal plain landward of the shoreline become
potential areas of aggradation. In the case where sediment supply out paces upper
shoreface erosion, estuarine deposits can be preserved. As sea level continues to rise,
erosion of the upper shoreface provides sediments to infill, or “heal,” the lows in the
lower shoreface and on the shelf (Catuneanu 2006; Posamentier and Allen 1999). These
lows usually occur seaward of notches (Fig. 4-6B) that are the consequence of relative
sea level still stands and erosion of incised platforms, or terraces (Fig. 4-6B). In some
cases, the location of these notches is also influenced by the presence of back-tilted
blocks, which allowed for differential erosion (Fig. 4-6B). The lows are subsequently
backfilled as the shoreline migrates landward, eroding the coastline, with the consequent
coarse-grained lag deposited offshore. As the transgression continues, so-called healing-
phase deposits overlie the preserved estuarine sediments, as observed in strike lines (> 20
m) around the Scripps Canyon (Fig. 4-6A).

As the Scripps and La Jolla submarine canyons cut across the entire shelf into the

nearshore, the upper reaches of these prominent bathymetric features constitute
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embayments favorable to the deposition of estuarine sediments. In the case of the La Jolla
Canyon (Figs. 4-9A and 4-7G), estuarine deposits found at shallow depths (~10-15 m)
correspond to a later period of lagoonal development. The occurrence of the thickest
estuarine deposits around the head of the La Jolla Canyon is likely related to the local
physiographic and tectonic setting. A lagoon still occupied this site only 100 years ago
(Moriarty 1964), over the low-lying inland area extending ~ 1 mile to the east of the
current La Jolla Shores beach. These thick estuarine deposits outcrop in some areas, in
particular along isolated ridges within the head of the La Jolla Canyon (Fig. 4-9). Most
likely, wave-base energy is efficiently reworking sediments or preventing the deposition
of modern sands over the mud-dominated units that outcrop at shallow water depths.
Beyond the primary features controlled by eustasy and long-term tectonic
deformation, we observe tectonically induced secondary relief in the transgressive
surface. The pop-up structure associated with the constraining bend on the Rose Canyon
Fault generates a local northward shoaling trend on the transgressive surface (Hogarth et
al. 2007). The antiform through which the Scripps Canyon is incised is an influential
secondary structure as well. Operating at smaller wavelengths, east-west trending faults
and associated deformation offset bedding, create along shore variability, and influence
the pattern of modern sediment deposition. The most significant example of this
deformation is the localized structural high north of the Scripps Canyon associated with
the Carmel Valley and Salk faults on land (Figs. 4-7B and 4-7H). The area between these
two oblique faults appears to be uplifted relative to the surrounding area (Fig. 4-2A) Both

the large wavelength uplift associated with the pop-up structure and the short wavelength
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deformation associated with these oblique faults create along-shore relief in the
transgressive surface (Figs. 4-4, 4-5, 4-6, and 4-7B).

The healing-phase wedge is confined to the saddle region away from the canyons.
Similar infilling of lows in the antecedent topography during transgression has been
observed elsewhere (e.g., on the northern California shelf, Sommerfield and Wheatcroft
2007). In addition, onlap of the healing-phase wedge onto the transgressive surface
indicates that its deposition occurred after deformation. North of the Scripps Canyon, the
northern Holocene depocenter and much of the along-shore thickness variability observed
in the Holocene sequence corresponds to variations in the basal healing-phase unit (Figs.
4-7D and 4-7E). Such a correlation is not observed in the inter-canyon shelf where the
transparent upper sands appear to account for the majority of the sediment thickness in
the depocenter (Figs. 4-7D, 4-7E, and 4-7F). The depression in the transgressive surface
is more pronounced north of the Scripps Canyon than in the inter-canyon shelf (Fig. 4-
7B). This is likely due to the positive uplift associated with the pop-up structure to the
north and the shoaling of the transgressive surface towards the RCFZ in the south. The
reflectors observed in the healing-phase deposits of the main depocenter are horizontal
and on-lap the transgressive surface (Figs. 4-4 and 4-6A). This indicates that offset on the
Carmel Valley and Salk faults, and more importantly, uplift of the pop-up structure pre-
date deposition of the healing-phase.

Some of the relief in the transgressive surface is modified by wave erosion in the
nearshore, which enhances the smoothness of the seafloor as coarse-grained sediments
eroded from the shore-face are transported to the low areas offshore (Fig. 4-7E). For

example, fault-induced roughness in the transgressive surface is mostly observed in
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deeper water because these areas were rapidly transgressed. I interpret the overall
decrease in the relief of transgressive surface from offshore to onshore, which greatly
influences the location of healing-phase deposits, as a consequence of the varying rates of
sea level rise during the last transgression (Fig. 4-5; Fairbanks 1989). With decreasing
rate of sea level rise, the shallower part of the shelf was exposed to wave-based erosion
over a longer period and existing structures were more effectively leveled. Another
example of this decrease in relief is that the most landward of the terrace notches is

observed at ~35 m depth.

Hydrodynamic control on modern sediment accumulation during the highstand

The distribution of the upper Holocene sediment package in the along-shore
direction is mostly affected by hydrodynamic factors such as the wave climate. Based on
stratal geometry, the onset of deposition of these acoustically transparent sediments
corresponds to a decrease in the rate of sea level rise. This sets the upper age limit of the
transparent Holocene deposits to approximately 6-8 ka, at the beginning of the current sea
level highstand. The map showing the depth to the top of the healing-phase (Fig. 4-7C)
indicates that by this time much of the transgressive surface relief had been infilled by the
healing-phase wedge, leaving a relatively smooth inner shelf profile with a seaward dip
with little along-shore variability. North of the Scripps Canyon, the thickness of
unconsolidated sediments exhibits a wedge cross-shore profile (See discussion by
Hogarth et al. 2007; Figs. 4-6B, 4-7D and 4-7F), which corresponds to the mid-shelf high
typical of Californian margins (Sommerfield and Nittrouer 1999). This wedge develops

inshore of the depth where incipient velocities at the seabed are large enough to
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resuspend, rework, sort, and transport sediments, and offshore of the depth where
impinging waves cause rapid transport of unconsolidated sediments and prevent
accumulation (Harris and Wiberg 2001; Henry 1976; Zhang et al. 1999).

The tectonic setting still influences the accumulation of the upper Holocene unit.
In the northern part of our survey area, offshore Torrey Pines State Park, very little
modern sedimentation deposition occurs at shallow water depths as the mid-shelf high is
deflected seaward due the shoaling of the transgressive surface (Figs. 4-7D and 4-7F).
The marked thinning of this overlying unit in the deeper area of our survey corresponds
to the deformation associated with oblique faults as little sediment has accumulated over
the transgressive surface high (Fig. 4-5). Because the healing-phase infilled and obscured
the relief along the transgressive surface offshore, little to no thickness variation in the
overlying Holocene package is observed in this region (Figs. 4-7C and 4-7F).

Our work questions the efficiency of Scripps Canyon in capturing and
transporting sediment offshore during the most recent sea level rise and challenges the
existing view on Holocene sediment transport and deposition offshore La Jolla.
Observation of sediment wasting events in the Scripps Canyon heads (Chamberlain 1964;
Dill 1964) and related studies involving mass balance estimates for littoral cell sediment
budgets (Inman and Chamberlain 1960; Inman and Masters 1991b) have led the research
community to conclude that the majority of sediment is captured and transported offshore
by the La Jolla Submarine Canyon System. However, our data shows that modern
sediment accumulation offshore La Jolla may be more complex. The well-defined
thickness maximum in the Holocene layer, which corresponds to the inter-canyon

Holocene depocenter, requires a net influx of sediment to the inter-canyon shelf within
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the last approximately 6-8 ka. In addition, the beach and shoreface sands at the base of
the cliffs and filling the Scripps Canyon head are thought to be a consistent feature
throughout the present sea level highstand. Under present conditions there is a persistent
mobile sand cover sloping up towards the beach along the shoreward extent of the canyon
even after major flushing events that expose the wall and floor substrate (Peter
Brueggeman, Personal communication 2008; Chamberlain 1964). This observation
suggests that sediment from longshore drift may have bypassed the Scripps Canyon head
despite the reported capture of large quantities of sediments, the very narrow pathway
between the canyon head and the beach, and the head of the Scripps Canyon still being
within wave base (Covault et al. 2007; Sommerfield and Lee 2004). An inhomogeneous
incident wave field can drive significant alongshore currents at shallow depths, via wave
setup-induced pressure gradients (Apotsos et al. 2008). Such currents engendered by the
large along-shore variation in wave heights observed near Scripps Canyon are a
mechanism for enhanced sediment transport within the surf zone onshore of the Scripps
Canyon head. Thus, we need to reassess the role of the La Jolla Canyon System on
sediment accumulation on the inner shelf offshore La Jolla and evaluate the proportion of
sand captured by canyons versus that shunted out to the depocenter.

Observations of modern sediment accumulation on the San Diego County shelf,
which provide a perspective on the regional pattern, confirm that the inner shelf offshore
La Jolla is generally a depocenter of modern sediments. Regional studies reveal that
exposed bedrock is common between the mid-shelf wedge and the beach, except at river
mouths (Henry 1976). Excepting the two areas of uplift due to the RCFZ, offshore La

Jolla there is no bedrock exposed between the mid-shelf wedge and the beach. Our study
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area appears to be characterized by an atypically large accumulation of young sediment.
The westward step of the coastline at the southern extremity of the Oceanside littoral cell
may act as a jetty and promote sediment accumulation. The well-developed rip currents
consistently observed south of the Scripps Pier at La Jolla Shores beach (Shepard and
Inman 1950) and also immediately north of the Scripps Pier (Smith and Largier 1995) are
likely contributing to this net accumulation. They redistribute modern sediments seaward
on the inter-canyon shelf (Inman 1952; Inman 1953) to form the constructional feature
observed in isopach maps.

Unfortunately, the present evolution of this depocenter is not very well
constrained. Repeated sounding surveys performed between 1949 and 1950 (Inman 1952;
Inman 1953; Shepard and Inman 1951) and seismic surveys conducted in 1976 and 1979
with a 3.5 kHz seismic profiler (Henry 1976; Waggoner 1979) indicate that sand levels
are fairly stable on short time scales, respectively 1 and 3 years, at the location where [
have identified the upper Holocene depocenter in the inter-canyon shelf. However, both
accretion and erosion dynamics have been reported (Dayton et al. 1989; Inman 1953;
Marshall 1978). This would imply that the Holocene sediment depocenter is currently in
near equilibrium, with no net influx or outflux over the last few decades. Note the well-
defined scour mark due to dredging observed in 20 m water depth to the north of our
study area (Fig. 4-1). The preservation of this feature over a decade after the dredging
occurred indicates that longshore drift is currently limited to the nearshore region.
Sediment transport in the littoral cell may be episodic with high sediment transport

periods during abnormally wet climatic regimes. A high sediment supply during a wetter
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climate could be one mechanism to supply large amounts of sediment to the inter-canyon

over a short time period.

CONCLUSION

High-resolution three-dimensional coverage of the shelf in the vicinity of the La
Jolla and Scripps submarine canyons, obtained from CHIRP seismic data and swath
bathymetry, highlights the control of the structural framework on the observed
stratigraphy and morphology. The faulted and folded tectonic landscape associated with
constraining bends in the Rose Canyon Fault plays a critical role in canyon location and
morphology as well as in the distribution of modern facies offshore La Jolla, California.
Beyond the northward shoaling of the transgressive surface, our high-resolution seismics
show much cross-shore and along-shore structural variability. We observe a widespread
dip reversal in the bedrock and an increased dip of offshore units compared to those
onshore due to deformation. I propose that the observed structural deformation offshore
La Jolla is the expression of the compressional component of the transpressional strain
regime associated with the RCFZ. I also propose that an antiform controls the location of
the Scripps Canyon, contrary to the previous hypothesis of fault control. Furthermore, the
action of wave-based erosion is reflected in leveling and smoothing of bedrock highs and
subsequent infilling of lows with reworked shelf materials. There is also an overall
decrease of relief and small-scale roughness in the transgressive surface landward of ~ 25
m water depth due to a decrease in the rate of sea level rise and longer exposure to wave-

base erosion.
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The detailed bathymetry exposes morphological differences between the La Jolla
Canyon and the Scripps Canyon at various scales, from overall canyon shape to
morphology of secondary incisions. The asymmetric development and deep secondary
channels of the La Jolla Canyon are indicative of differential erosion due to deformation
near the RCFZ. The longitudinal variability of the unconsolidated modern sediment cover
on the upper walls of the Scripps Canyon appears to result from erosion of shallow
gullies by failure processes. Ancient failures or sliding planes within the upper Holocene
unit record the evolutionary history of the canyon edges.

I identify 3 stratigraphic sequences overlying the bedrock offshore La Jolla:
estuarine deposits, a healing-phase wedge, and homogeneous sands. I interpret the spatial
distribution of these modern stratigraphic units in the light of the complex interaction
between sea level rise, tectonics, and sediment supply. The primarily along shore
variation in the local tectonic structure allows to distinguish the influences of eustacy and
transpressional tectonics. The deposition pattern of the two older packages is structurally
controlled, with lagoonal deposits limited to the shallow upper reaches of the canyons
and the healing-phase deposits infilling the lows seaward of notches and the saddle away
from uplifted areas. The accumulation of the younger sand unit, which is controlled by
local hydrodynamics, contrary to the two older packages, exhibits a typical mid-shelf
wedge north of the Scripps Canyon and a depocenter on the inter-canyon shelf. This
depocenter questions the efficiency of canyons in capturing sediments and refines our
conceptual model for the Holocene sediment transport and deposition offshore La Jolla.

Detailed understanding of the processes that shape continental margins that affect

long-term sediment accumulation is critical to predict the response of the inner shelf
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environment to sea level change and to climate change. Canyons may play a major role in
linking the coastal and deep ocean. Knowledge of geologic framework is also critical
when investigating short-term sediment transport problems including beach evolution,

sediment slides, coastal sediment budget, and the fate of sediments in the littoral zone.
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Figure 4-1: Location map showing expression of the structural high on the
shelf, the left-lateral jogs on the right-lateral Rose Canyon Fault
(arrows indicate sense of strike-slip motion), and the fault-
induced scalloping where the Rose Canyon Fault coincides
with the shelf edge north and south of the pop-up structure.
Bathymetry modified from Dartnell et al. (2007)
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Figure 4-2:

Line 1_37-39

Line 1_27-29

Survey coverage and bathymetry. A. Survey ship tracks shown
in black lines and superimposed on high-resolution Submetrix
bathymetry show data coverage as well as core locations with
purple stars (push core near the La Jolla Canyon head and
vibracore near the Scripps Pier south of the Scripps Canyon).
Local faults shown in dotted black lines are based on Kennedy
(1975). D and U for downthrown and upthrown sides.
CC=Country Club, MS=Mount Soledad, RC=Rose Canyon,
Sc=Scripps, TP=Torrey Pines, Sa=Salk and CV=Carmel Valley
faults. B. View of high-resolution bathymetry near La Jolla and
Scripps canyons. SC=The Scripps Canyon, LJC=The La Jolla
Canyon, A=Axis of canyon thalweg, W=Width of canyon
thalweg, I=Incision into canyon wall (side channel), S=Sinuous
secondary channel, C=Cretaceous hard grounds, R=Ridge
within La Jolla Canyon head, D=Deflection of isobath
shoreward, T='Terrace', So=South Branch of Scripps Canyon,
Su=Sumner Branch of Scripps Canyon, No=North Branch of
Scripps Canyon
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Figure 4-3: Perspective view of the submarine canyon heads. Submetrix
bathymetry has a vertical exaggeration of 6:1 while land
topography has none. Note the asymmetry in the canyon heads
and in secondary canyon development and the longitudinal
variability of the canyon edges. Features labeled as in Figure 4-

2
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Figure 4-4: Perspective view of the seismic dataset. Selected seismic
profiles showing the estuarine, healing-phase, and upper
Holocene sand units are displayed with a vertical exaggeration
of 6:1. Beds dip regionally to the south, but dip to the north just
north of the Scripps Canyon. Note the thinning of the Holocene
sands towards the north due to the pop-up structure. In
addition, a structural high is observed on either side of the
canyon. Inset shows line locations and figure orientation. For
deformation related to the Carmel Valley and Salk faults see
Figure 4-5
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Figure 4-5: Transgressive surface roughness increases with water depth.
A. The most offshore line, strike line 11, exhibits more
roughness on the transgressive surface due to deformation on
the Carmel Valley and Salk faults. B. Strike line 10 is slightly
shallower and exhibits significant smoothing of the
transgressive surface (M=multiple, TS=Transgressive surface,
HP=Healing-phase deposits)
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Figure 4-6: Chirp profiles. A. Strike line 8 uninterpreted (top) and
interpreted (bottom) shows estuarine, healing-phase, and
Holocene sand units. Note that the Scripps Canyon is located
within a high in the transgressive surface. B. Dip line 3
uninterpreted (top) and interpreted (bottom) shows healing-
phase and upper Holocene sand units. The terraces formed
during relative sea level still stands are more prominent at
greater depths. (M=Multiple, TS=Transgressive surface). Color
code is as follows: red = estuarine unit, green = healing-phase
unit, and blue = upper Holocene sand unit. See Figure 4-2 for
line locations
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Figure 4-7: A. Bathymetry. B. Depth to the transgressive surface. C. Depth

to the top of the healing-phase. D. Healing-phase and Holocene
sand units cumulative isopach map. E. Healing-phase isopach
map. F. Holocene sands isopach map. G. Estuarine sediments
isopach map. H. Local bedding dips showing reversal with
faults identified on seismic profiles. Note that the healing-phase
wedge makes up most of the northern Holocene depocenter,
whereas the upper Holocene sand unit constitutes most of the
inter-canyon  Holocene depocenter. All  maps have
superimposed bathymetric contours in white, reduced to the 65
m isobath in maps D to H. Maps D to F have superimposed
contours of the transgressive surface structure in red
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Figure 4-8: Bathymetry with superimposed faults. Perspective view and
photograph of the sea cliffs between La Jolla Shores and La
Jolla Cove looking southeast and showing cuestas in the
intertidal reefs as well as details of dipping beds
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Figure 4-9: A. Perspective view that shows estuarine sediments
outcropping at the seafloor. Bathymetry and seismic profile
have vertical exaggeration of 6:1 while land topography has
none. Inset shows line location and figure orientation. B. Dive
picture showing estuarine sediments at seafloor along slope of
canyon ridge. Push core collected was from the same
lithographic unit. C. Push core of estuarine sediments. See
Figure 4-2 for core location
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Figure 4-10: A. Line 4 shows failure planes near the Scripps Canyon seen
as faint, dipping reflectors within the transparent Holocene
sand unit. The concave character of some of these reflectors is
similar to the concave up features on the seafloor
corresponding to secondary canyons in Figure 4-6A. B. Line
1 24 shows failure planes and convex reflector observed near
the La Jolla Canyon
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Figure 4-11: Perspective view of the head of the La Jolla Canyon looking
southeast, with insets of selected seismic profiles, illustrating
bedrock deformation in the RCFZ. A. Possible expression of the
Scripps Fault. B. Submarine cuestas. C. Dipping bedding.
Submetrix bathymetry and inset CHIRP seismic profiles have a
vertical exaggeration of 4:1 while land topography has none
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ABSTRACT

A high-resolution Compressed High-Intensity Radar Pulse (CHIRP) survey reveals
shore-parallel variations in the Holocene sediment thickness offshore La Jolla, California.
Sediment thicknesses decrease from =20 m in the south near Scripps Canyon to zero in the
north approaching Torrey Pines. In addition (o the south-to-north variation in sediment thick-
ness, the transgressive surface observed in seismic lines shoals from Scripps Canyon to the
north. Despite these dramatic shore-parallel subsurface changes, the nearshore bathymetry
exhibits little to no change along strike. A left jog (i.e., a constraining bend) along the Rose
Canyon Fault causes local uplift in the region and appears to explain the northward shoaling of
the transgressive surface, the decrease in relief on the transgressive surface away from the left
jog, and the Holocene sediment thickness variation. This tectonic deformation is shore paral-
lel, and thus the accommaodation can be separated into its tectonic and eustalic components,

Keywords: tectonic deformation, accommodation, transgressive surface, transpression.

INTRODUCTION

Many investigators have recognized the
important role of ectonics in the preservation
of sediments on active margin shelves (e.g.,
Orange, 1999, Driscoll and Hogg, 1995). In
most locations, tectonic uplift or subsidence off-
sets the coastline vertically and causes base-level
changes that are difficult to distinguish from

sea-level changes; a common manifestation of

tectonic upliftis subaerial terraces parallel to the
coastline. Eustatic sea level has risen =125 min
the past 20 K.y. (e.g., Fairbanks, 1989). Conse-
quently, in seisimic images and in outerop, it is
often difficult to separate sea-level changes from
tectomic changes acting in the same plane during
this tirme period. In the San Diego, California,
area, regional uplift and sea-level change have
created terraces (e.z., Bay Point Formation),
but doe 0 the geometry of the Rose Canyon
fanlt zone, much tectonic deformation occurs
shore parallel or orthogonal (o custatic sea-level
changes and regional tectonic uplift (Kermmedy,
1975). Thus, we can use the straigraphic varia-
hility parallel to shore to discern the tectonic
signal associated with the Rose Canyon fanlt
from glacial-costatic fluctvations or regional
tectonic uplift. Furthermore, this will aid us in
understanding how lectonic processes govern
the preservation of sediments on the shelfl Such

*L-mail: Thogarth@ucsd edu,

an understanding will allow us to define sand
resonrees offshore as well as the distribution of
hardgrounds on the seafloor, which may play an
important role in bichabitats,

The San Diego area is west of the San
Andreas fault zone and is characterized by a
serfes of subparallel, en echelon favlts includ-
ing, from east to west, the San Jacinto, Elsinore,
and Newporl-Inglewood-Rose Canvon fault
zones, In the La Jolla region, the Rose Canyon
fault zone is a dextral strike-slip fault zone with
complex surface expression (Treiman, 1993).
The fault zone passes through La Jolla, forming
Mount Soledad, a pop-up structure with a maxi-
mum uplift of ~150m (Fig. 1); pop-up structlures
are areas of local uplift due to transpression or
compression created when lateral motion on a
strike-slip fanlt is interrupted by a bend or a jog
in that favlt. In the case of Mount Soledad, a left-
stepping jog on the right-lateral Rose Canyon
fault creates compression and uplift (Kennedy,
1975; Kemnedy et al,, 1979). Seismic surveys
revedl that the Rose Canyon fault zone extends
northwest 60 km offshore (Moore, 1972). Evi-
dence of Holocene activity on the Rose Canyon
fault zone comes from both offshore seismic data
{Moore, 1972) and onshore trenches (Lindvall
and Rockwell, 1995). Lindvall and Rockwell
(1995) estimated that the total horizontal com-
ponent of slip ranges from 1 to 2 mm/dyr during
the Holocene. In addition to the Rose Canyon

fault system, Kennedy (1975) identified several
other inactive northeast-sonthwest-trending
oblique faults with vertical offset of ~10 m in
the cliffs of Torrey Pines Beach (Fig. 1)

Qur objective i to image the transgressive
surface, overlying sands, and [ault struclures
o better understand the processes influencing
sediment aceumulation and preservation on
the shell near La Jolla, Here we describe the
obsgerved morphology of the transgressive sur-
face. We propose that our ohservation of a pop-
up structure offshore, created by a constraining
bend along the right-lateral Rose Canyon fanlt
zone, controls the long-term accumulation of
sediment in this region of the nearshore,

METHODS

In 2002, 300 km of Compressed High-
Intensity Radar Pulse (CHIRP) seisinic data
were acquired offshore from La Jolla Cove
north o Del Mar (Fig. 1), We used a CHIRP
sonar (Edgetech) with a swept frequency of
1-5.5 kHz yielding submeter vertical resolu-
tion. During the nearshore survey, the CHIRP
seismic svstem was mounted on a surface tow
frame with an attached global positioning sys-
tem receiver, thus minimizing navigation error,
We generated an isopach map by tacing the
transgressive surface and differencing it from the
seafloor throughout the seismic grid. A nominal
velocity of 1500 mv/s was used to convert travel-



time to sediment thickness. Bathymetric data
were acquired, processed, archived, and distiib-
uted by the Seafloor Mapping Lab of California
State University Monterey Bay (http:f/seafloor.
csumb.edu/SFMLwebDATA htm).

RESULTS

Layers in the units below the transgressive
surface generally exhibit distinet dips to the
south (Fig. 2) that are consistent with the local
dips of the Ardath Shale, Torrey Sandstone, and
Del Mar Formation on land (Kemmedy, 1975).
The transgressive surface is idemtified in the
profiles by marked truncation (Fgs. 2 and 3),
which was formed by wave-base erosion during
the sea-level rise, and is mantled by a hasal
unit and an overlying acoustically transparent
layer. This part of the shelf has been subaeri-
ally exposed during many sea-level lowstands
during the Pleistocene; the erosion and trunca-
tion on this surface probably reflect multiple
sea-level cycles, not just the last sea-level rise.
The poorly laminated basal unitis only observed
in the mid- to outer-shelf region and appears
to record the early transgression in the region.
The overlying transparent unit might reflect the
early stage of the highstand systems tract, which
exhibits cross-shelf thinning with a maximum
depocenter in the mid-shelf. The acoustically
transparent character, however, precludes iden-
tification of a downlap surface, and thus our
ability to confidently discern whether this pack-
age is part of the late ransgressive systems tracl
or the early highstand systems tract.

Seismic images from our survey show that the
transgressive surface exhibits an overall south-
ward dip, and the overlying sediment thickness
decreases along strike to the north of Scripps
Canvon (Figs. 2 and 4). A local reversal of dip
alsoexhibits 4 change inacoustic reflectivity that
might imply a more resistive hardground and
may be fault controlled (Fig. 2A). It is difficult,
however, to trace the fault laterally shoreward
from line S10 to adjacent lines because of the
limited acoustic penetration beneath the trans-
gressive surface (Fig. 2A). The dip lines show
that the maximum sediment thickness above the
transgressive surface is located on the mid-shelf
and systematically diminishes both landward
and seaward (Fig. 3). The extent of the isopach
map is limited by data density; it captures the
edge of the mid-shelf depocenter and delineates
the south-to-north thinming.

The isopach map of sediment thickness shows
a depocenter between the La Jolla and Seripps
canyons, as well as to the north of Seripps Can-
yon (Fig. 4). Sediment thickness systematically
decreases along strike to the north from ~20 m
just north of Scripps Canvon to zero offshore
Torrey Pines (Figs. 2 and 4). Perpendicular to
shore, sediment thickness ranges from ~(-5 m
nearshore to maximuom thicknesses of 10-20 m
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Figure 1. Survey ship
track (black lines) super-
imposed on 2 m gridded
bathymetry (data used in
this study were acquired,
processed, archived, and
distributed by Seafloor
Mapping Lab of Califor-
nia State University Mon-
terey Bay: http://seafloor.
csumb.edu/SFMLweb-
DATA.htm). White lines
on bathymetry are con-
tours (10 m Intervals) to
100 m. Faults are shown
in bold black: dashed for
inferred location, D and
U for downthrown and
upthrown side, and right-
lateral sense of strike-
slip motion is shown
with arrows. Left-stepping
bend in Rose Canyon
fault zone creates uplift of
Mount Soledad. 54, $10,
D1, and D2 (bold blue
lines) indicate locations
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Figure 2. CHIRP along-shelf strike lines. A: Profile $10 from offshore shows shoaling of
transgressive surface (TS) to north of Scripps Canyon. At this depth, Holocene sediments
mantle transgressive surface. B: Nearshore profile $S4 shows truncation of underlying
layers as consequence of wavebase eroslon, which Is interpreted to occur during sea-level
transgression. TS Is exposed at sealloor to north. Vibracore VC7 is projected onto line 34
south of Scripps Canyen. D1 and D2 are locations of crossing dip lines. See Figure 1 for
locations (M—multiple, DG—data gap, DR—dipping reflector). C: Inset shows Vibracore
VC7, which recovered fine-grained to very fine grained, olive-green, homogeneous sands.
In upper 135 cm of Holocene sediment there is no evidence for event beds associated with
storms or floods. See Figure 4 for core location. D: Inset shows detail of TS and associated
truncation.



Figure 3, CHIRP cross-shelf dip lines, A: Pro-
file D1 shows truncation along interpreted
transgressive surface. Basal reflective pack-
age is interpreted as part of early transgres-
glon, and thickness of overlying acoustically
transparent unit is greatest in mid-shelf, thin-
ning both landward and seaward. B: Profile
D2, farther to south, also shows mid-shelf
depocenter of acoustically transparent unit.
S4 and S10 are locations of crossing strike
lines. TS—iransgressive surface; M—mul-
tiple. See Figure 1 for locations.

in the mid-shelf region before thinning again as
walter depth increases (Figs, 3 and 4).

The area where hardgrounds crop out to the
north correlates with the deflection of bathy-
metric contours offshore at water depths >60 m
(Fig. 4). Note that the nearshore contours do not
exhibit this deflection, even though the slope of
the isopach surface changes in this area from
west dipping to southwest dipping.

A 135-cm-long Vibracore acquired in 2005
(Figs. 2 and 4) recovered fine-grained to very
fine graiped, olive-green, homogeneons sands
consistent with the sediment recovered in
longer Vibracores from the region (Darigo and
Osbourne, 1986; Fig. 4). Mud horizons or coarse
layers indicative of flood or storm events are
not observed in this homogeneous upper layer.
Beneath the sand is a slightly coarser unit that is
not as well sorted, and includes larger clasts and
more abundant shell fragments (units 11 and 111
of Darigo and Osboume, 1986), which may be a
transgressive lag deposit. The major Quvial input
to this littoral cell is by the Santa Margarita and
San Luis Rey rivers (o the north, with predommi-
pant southern longshore transport (Inman and
Jenkins, 19993, Wave reworking and longshore
transport winnow out the fine-grained particles,
resulling in a homogeneous nearshore deposit,
consistent with the transparent acoustic char-
acter observed in the seismic data. Early Holo-
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Figure 4. Holocene sedi-
ment thickness above
transgressive surface
(contour interval = 5 m)
superimposed on bathy-
meiric contours (contour
interval = 10 m). Extent of
isopach map g limited to
mid-shelf and shoreward
by data density shown in
Figure 1. Isopachs show
depocenter of Holocene
sediments directly north
of Scripps Canyon, where
sediments are nearly 20 m
thick. Along strike to the
north, sediments thin to
zero, whereas bathym-
etry does neot change.
Note spatial correlation
between the step off-
shore of isobaths >60 m
and that of isopachs.
Stars represent locations
of Vibracores; solid for
this study (2005) and
unfilled for previous study
(Darigo and Osbourne,
1986).
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cenke floods may have contributed coarser mate-
ral, but fine-grained to very fine grained sand
likely resulted from the past 5 k.y. of enhanced
Fl Nifio-driven wave energy and consequent
southern sand transport (Masters, 2006).

DISCUSSION

Several [aulting trends in the La Jolla area
could potentially explain the observed sea-
floor struciure and sediment distribudon. For
example, one possible scenario is that the relief
on the transgressive surface is only controlled by
steeply  dipping northeast-southwest-trending
normmal Faults, such as those observed onshore at
the southern end of Torrey Pines Stale Reserve
(e.z., Carmel Valley fault, Fig. 1). On the hasis of
terrace offsets, these fanlts are older than 120 ka
(Treiman, 1993 If such a fault cavsed uplift
of the more resistant Del Mar Formation to the
north with respect (o the less resistant Scripps
Formation to the south, we would expect a jog
of isobaths seaward as the more resistant Del
Mar Formation formed a promontory. If this
scenario were correct, it would not predict that
the isobaths should return shoreward north of
the fault (Fig. 5A), and the faults would caunse
amarked local thickness change across the fault
from the downdropped (o the upthrown block
(e.g., Fig. 2A). The lateral extent of the depo-
center exhibits a wavelength longer than that

n7rs

of the onshore downdropped block bounded by
the Salk and Torrey Pines faults (Figs. 1 and 4).
Furthermore, the Carmel Valley fault onshore
is down to the north; i.e., the sense of motion
across the faolt is opposite to that predicted by
the observed sediment thickness. Alternatively,
in a pop-up or constraining bend scenario, a left
jog in a right-lateral fault zone would cause the
thickness of the transgressive deposits to thin
systemarically from the depocenter toward the
structural high without a sharp local thickness
change (Fig. 5B). Such a constraining bend
would predict that the isobaths shift seaward at
the south end and return shoreward at the north
end of the pop-up structure, which is consistent
with the isobaths deeper than —60 m (Fig. 4; see
also the regional National Qceanic and Atmo-
spheric Administration (NOAA) National Geo-
physical Data Center 3-arc-second coastal relief
model [http:/fwww.ngdenoaa.govingg/coastal/
erddas06/grddas06.himn)]). A gentle, long-wave-
length uplift of the transgressive surface is
observed in the seismic images, consistent with
aleft jog along the Rose Canyvon fault zone, The
reliefon the transgressive surface is largestin the
west near the jog in the Rose Canyon fault (e.g.,
26.5 my; Fig. 2A) and diminishes eastward away
from the jog (e.g., 21.5 m; Fg. 2B), as would
be predicted by the pop-up hypothesis (Fig. 5).
Seismic data recently acquired (2005 R/V New



Figure 5. Two models of possible faulting
mechanisms and expected bathymetry. A:
Offset with more resistant Del Mar Formation
exposed on upthrown block, along predomi-
nantly strike-slip fault, would cause bathym-
etry to step offshore. B: In case of left step
on dextral strike-slip fault (e.g., Rose Canyon
fault), we would expect bathymetric contours
to deviate seaward on south end of fault and
return landward on nerth end of fault, which
we observe in both local bathymetry (Cali-
fornia State University Monteray Bay 2 m)
and reglonal bathymetry (National Oceano-
graphic and Atmospheric Administration
3-arc-second model: http://www.ngdc.noaa.
gov/mgg/coastal/grddas06/grddas06.htm).
Black lines indicate fault trace; sense of
motion Is illustrated by arrows or D and U
for downthrown and upthrown blocks.

Horizon cruise, unpublished data) to the north
of the pop-up structure, where the isobaths shift
shoreward, reveal that the transgressive surface
has a northward dip, which is also consistent
with the pop-up model. The reliel on this surface
may be angmented by the differential erodibility
of the Eocene subsurface rocks, more indurated
in the north than in the south (Kennedy, 1973).
The thickness of sediments between the
canyons and directly north of Scripps Canyon,
along with the near absence of sediments on
the structural high to the north, suggest that
uplift along constraining bends of the Rose
Canvon fault plays an important role in long-
term sediment accumulation in the region. The
relief on the transgressive surface that predates
sea-level incorsion is difficolt 1o constrain, and
thus prevents reliable estimates for the defor-
mation rate after sea-level incursion, Any relict

relief would have created promontories and
embayments, The dip of the reflector (DR}
overlying the transgressive surface observed in
line 54 can be explained by either post-trans-
gression tilting or as backfill associated with
crosion of the relict promontory (Fig. 2B).
If we assume that all the relief postdates the
sea-level rise, the estimated uplift rate will
be biased toward a maximum. For example,
if this differential relief is the consequence
of tectonic uplift and tilting since inundation
(ca. 10 Ka), it yields deformation rates an order
of magnitude larger than previous estimales
of uplift rate in the region (0.13-0.14 mm/yr;
Legg and Kennedy, 1979). Given that it is dif-
ficult to determine what portion of the relief
is pre-incursion or post-incursion, long cores
are required to place further constraints on the
local tectonic nplift rates,

CONCLUSIONS

High-resolution geophysical data suggest that
uplift offshore La Jolla, California, results from
a left jog along the Rose Canyon right-lateral
fault system, similar to the process responsible
for forming Mount Soledad onshore, CHIRP
seisinic profiles show a shoaling of the tans-
gressive surface from south (o north. The sea-
ward deflection of isobaths in the bathvmetric
data correlates with the change in slope of the
ransgressive surface and the change in overly-
ing sediment thickness observed in the isopach
map. Seismic profiles reveal that the sediments
thin to zero above the uplifted bedrock, while
the thickest sediments occur o the south of the
pop-up structure. The observed sediment thick-
nesses suggest thal lectonics control long-term
sediment accumulation in the region, and hydro-
dynamics control sediment dispersion. Strain
accormmodation between right-lateral fault seg-
ments offshore Southern California results in
marked thickness variahility of the Holocene
sediments, This new insight into controls on
sediment accumulation and preservation may
advance the understanding of our offshore sand
resources and exposure of hardgrounds in the
California Borderlands.
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FOREWORD

This chapter is a report of field observations suggestive of a dynamical behavior
of sand grains at depths of 100 to 1000 grains below the water-sediments interface. The
measurements were acquired in the surf zone, near the Scripps Pier, as the culmination of
an extensive experimental project. Observations included the deformation of a small (200
by 120 grain diameters), horizontal, compliant sheet embedded in the sediments below
the seabed. Such deformation was caused by local, horizontal displacements of sediments
integrated over the cross sectional area of the compliant sheet. Measurements indicate
that the deformation was discrete in time and depth-dependant, with creep at shallower
depths (200 grain diameters) and episodic yield events at greater depths (600 grain
diameters).

The observation of dynamic features at such depth is interesting because the usual
view when studying coastal sediment transport is that the bedload layer is approximately
20 to 50 grain diameters, below which the medium is taken as immobile (Fredsee and
Deigaard 1992; Nielsen 1992). Admittedly, the field data presented here may only be
considered as indications of granular motions at depths well below the bedload layer
thickness. Several factors prevent a definitive analysis of the field measurements,
including the lack of a complete understanding of the interactions between the sensors
and the sediments, the absence of a more thorough characterization of the mechanical
response of the sediments to environmental forcing and the need for a comprehensive

theoretical framework adapted to the examination of small scale granular mechanics.
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The field observations are still presented here because they are relevant to the
dissertation on at least two major accounts. The laboratory studies on liquid-saturated
granular piling were motivated by the preliminary results from the sediment dynamics
project. In addition, the arching mechanism and the large stress fluctuations characterized
in the experiments on saturated granular piling are likely to have implications for the
small scale mechanics of marine sediments.

The project on seabed sediment dynamics involved the design of multiple sensors,
preliminary tests and calibration in the laboratory, the adaptation of a video system
tracking individual grains for use in laboratory and field experiments, and the outfitting
and deployment of the sensor package. In this chapter I will describe the operation of the
sensors and the deployment configuration, show preliminary results from the first of two

deployments and discuss the significance of the observations.

INSTRUMENTATION

Development, operation and performance characteristics of three sensors built for
the project

Differential pressure sensor

The differential pressure sensor (Fig. 5-1) measures the overburden pressure from
sediments above the sensor’s diaphragm, thanks to a vent tube (Fig. 5-9). The sensor’s
diaphragm is directly in contact with grains so that it does not only monitor surface wave-
induced pore pressure fluctuations but also the actual sediment pressure, i.e. the
overburden pressure transmitted through the granular skeleton and measured as the

pressure exerted by grains in contact with the diaphragm. Assuming a lithostatic behavior
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for unconsolidated marine sediments, seabed elevation fluctuations can be derived from
the output of the sensor if the sediment density is known. The resolution of the
differential pressure sensor is approximately 10 Pa, which corresponds to a few
millimeters of sediment height. The sensor output can be related to the sensor depth
below the seabed level using the following equation. The signification of the variables is

indicated on Table 5-1.

AP - JZ:??W (109 (Z) - IOW (Z))gdZ + P;ed (g9 gsensor 2 h) - Pdvent e (g’ é/sensor 4 h)

Table 5-1: List of the variables involved in the mathematical model for the
analysis of the differential pressure sensor output

AP Differential pressure measured across the sensor diaphragm
P Sediment density
Py Water density
1 seafioor Seabed level
€ consor Depth of pressure sensor
g Acceleration of gravity
S Water surface level
h Average water column height
P Surface wave-induced dynamic pressure transmitted through sediments
P | Surface wave-induced dynamic pressure transmitted through the vent tube
Displacement sensor

The displacement sensor (Fig. 5-2) consists of two wire strain gauges bonded on

the base of a deformable plastic sheet (approximately 5 cm tall and 3 cm wide) made of a



249

compliant material (0.5 mm thick reinforced nylon) and wired into a bridge
configuration. The sensor output corresponds to the displacement of the sediment
particles located in the immediate neighborhood of the compliant sheet. The sheet
deforms at the same time and in the same fashion as the granular assembly around it,
therefore causing resistance changes in the strain gauge as it is elongated or compressed.
The flexibility of the sheet allows it to keep a deformed configuration governed by the
local grain dynamics, so that the displacement sensor’s output displays DC shifts that
record grain motion. Time series of grain displacement can be extrapolated to obtain
estimates of fluxes in the shallow upper seabed. Note that using two strain gauges, one on
either side of the base of the compliant sheet and with opposite polarities, reduces
temperature effects to a level compatible with the required sensor performance. The
resolution of the displacement sensor is on the order of 50 microns, approximately one
fifth of a grain diameter for sand at La Jolla Shores beach. The displacement sensor is
meant to be deployed on a vertical plane to measure horizontal displacements. The sensor
output can be related to sediment flux using the following equations. The signification of

the variables is indicated on Table 5-2.

Am = Ax.A.p,
Ax
=Am.—
4 At
2
@ = ¢ = Ax .ps
A At
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Table 5-2: List of the variables involved in the mathematical model for the
analysis of the displacement sensor output

Am Mass of sediment displaced
Ax Displacement of the compliant sheet
P, Sediment density
At Time interval
A Cross-sectional area of the compliant sheet
@ Sediment flux
) Sediment flux per area
n Seabed level
¢ | Reference depth below which sediment motion is neglected
S Depth of displacement sensor

Force sensor

The force sensor (Fig. 5-3) operates according to the same principle as the
displacement sensor except that the deformable material is a much stiffer beam, so that it
does not comply with local deformations of the granular assembly. Hence, the sensor
measures the stress exerted by grains in contact with the bending beam. The force sensor
is meant to be deployed on a vertical plane to measure changes in the horizontal principal

component of stress. The resolution of the force sensor is approximately 10 Pa.

Sensor outfitting

The three sensor types are designed to be deployed within the upper shallow

seabed. The lower end of each sensor is encapsulated in epoxy along with the bridge
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excitation and instrumentation amplifier electronics. The sensing parts, i.e. the strain
gauges and diaphragm, are coated with a compliant, waterproofing compound.

The sensor outputs are connected to differential line drivers (i.e. two
complementary signals coming from the sensor bridge are carried by two separate wires)
which provide a measure for noise immunity in the cable connection between the sensors
and the data acquisition system when they are rather large distances away. Since both
wires are connected to identical impedances at source and load, electromagnetic
interference-induced voltages are balanced between each line and thus cancel out when

the output is obtained as the difference in voltage between the two signal lines.

Calibration and laboratory tests

Preliminary calibrations were performed for the differential pressure and
displacements sensors. Some calibration results are displayed for the particular case of
the displacement sensor (Fig. 5-4), showing the range of linear behavior, the symmetry in
the bidirectional response, the temperature sensitivity and the homogeneity of behavior
between sensors. Other properties were also examined to check the repeatability of
measurements recorded by the displacement sensors, including drift and memory effects,
i.e. dependence on the history of previous deformation states of the compliant sheet.

All three sensors have been tested in the laboratory during controlled experiments
in a tank filled with sand from La Jolla Shores beach (Fig. 5-5). First the sensors were
buried within the sediments in the tank and left operating in a medium at rest to obtain a
reference measurement. Then a series of experiments was conducted with controlled

constraints on the environment, mostly applying surface disturbances such as bedform
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displacement over the sensor’s burial location and positioning of a point load (in practice
a lead weight) on the sediment surface, and also driving a wedge into the sediment.

Some experimental results are shown in Figs. 5-6 and 5-7 to illustrate certain
features of the sensors behavior. The differential pressure sensor adequately captures the
changes in seabed elevation. The displacement sensor indicates that granular motions are
well correlated with changes in the external constraints. Events are driven by bedform
migration steps and are often followed by a relaxation phase. The synchronization of the
stress sensor response to the external conditions is not as systematic as in the case of the
force sensor. Interestingly, large stress changes always consist in an increase in stress,
while the bedform displacement is bidirectional. The increase in stress could be due to
compaction which probably increases regardless of the surface bedform migration
direction. The sensitivity to packing ratio is clearly observed in the case where a wedge is
temporarily inserted through the sediments. Under such forcing conditions, the stress
within the upper shallow sediment layer shows large fluctuations, with transient

variations of amplitude 3 to 5 times the average signal.

Field deployments

The field measurements were collected in the surf zone, with waves breaking over
the location where the sensor package is buried. For deployments, the sensors are
mounted on a plate (Figs. 5-8 and 5-9). A hole is created in the seabed by fluidizing the
sediments to suspend them. The plate is slipped on a pipe jetted vertically in the seabed.
Then sediments are allowed to redeposit from suspension, settle over the sensor package

(Fig. 5-10) and bury it. To avoid generating significant horizontal stress and displacement
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during burial, the sediments surrounding the sensors are gently fluidized as the sensors
get buried. In addition, the field experiments are sufficiently long, respectively 7 and 10
days, to allow relaxation of residual deformation stemming from the initial burial
conditions. Consequently the measurements cannot be reduced to artifacts caused by the
sediments response to the disturbance from the deployment of the instruments. In some
cases the sensors are even uncovered and reburied by the sole action of hydrodynamics
(see Fig. 5-15), thus eliminating deployment-induced perturbation of the sediments in the
vicinity of the sensors.

Both deployments were conducted by the Scripps Pier (Fig. 5-11), which served
as a platform for the computer acquisition system (Inset of Fig. 5-11). For the first
deployment, the instrumented plate, with the configuration shown in Fig. 5-8, was
installed underneath the Scripps Pier between pilings 15 and 16. For the second
deployment, the configuration was modified (Fig. 5-9), in particular with the addition of a
video system (see section 5-2.4), and the instrumented plate location was 40 meters north
of the pier at the level of piling 18. Complementary data from the Scripps Pier weather
station, such as significant wave height, are available to augment the dataset and help in

its interpretation.

Video system to track individual granular displacements

A video system consisting of a high speed and high resolution camera behind a
transparent optical face plate (Fig. 5-12) was added in the objective of investigating
individual grain displacements below the seabed. While the displacement sensor

measures motion of sediments integrated over the area of the compliant sheet (Fig. 5-2D),
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the purpose of the video system is to study the motion of individual grains within the
seabed corresponding to rearrangements of the granular skeleton.
The camera can capture as many as 30 frames per second and provides images of

approximately 6 cm® with a resolution of 40 xm?, i.e. approximately one sixth of the

mean grain diameter of local sediments. It is augmented with a light head that provides an
illumination source in the otherwise dark seabed. Grains constituting local surf zone
sediments have a dual reflectivity spectrum. The grains against the face plate appear
either darker or lighter. This contrast property is exploited to track the motions of
individual grains in a plane parallel to the face plate of the video system.

The video data can be analyzed with a piece of software developed to rapidly
detect grains displacements. The procedure is illustrated in Fig. 5-13 using images
collected in the laboratory. The color-coded difference image between two successive
frames is non-zero where contrasting grains have moved. If a vector represents the linear
displacement over a certain time interval of a grain appearing as darker, the difference
between the corresponding images will show a dark region centered at the end-point
extremity of the translation vector and a light region centered at the origin of the
translation vector. This dual or stripped pattern is reversed if the displaced grain or
aggregate appears lighter. The color of the translated grain can be obtained by looking at
the corresponding raw images at the identified location of grain displacements. Events of
mass grain motion can be extracted by setting a threshold based on the number of pixels
corresponding to individual displacements in a single difference image, for instance.

A complication arises from the fact that when a grain rotates, its apparent color, or

reflectivity, is very likely to change, so that color variation of a pixel between two
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successive images does not always indicate net displacement. Note that rotations are also
indicative of rearrangements of the internal structure of the granular assembly. Besides,
rotations can still be distinguished from translations because they don’t have the typical
stripped pattern. In addition, the absence of color change does not necessarily mean that
there was no grain motion. It can also mean that there was no contrasting grain to be used
as a marker in the area considered.

The analysis of laboratory data, acquired with the camera focusing on the
sediments against the side wall of the tank (Fig. 5-12), shows that granular motion is
episodic but can be very significant. Granular displacements are non-uniform and exhibit
localization, with a stripe pattern reminiscent of arch-like features (Fig. 5-14). Such
heterogeneous behavior may indicate the existence of preferred directions of
displacement, which is consistent with the role of force chains in the small-scale response
of granular materials to variations in the external forcing. Compiling successive events
definitely suggests the existence a net flux, rather than an oscillatory pattern, which could

be associated with overlying bedforms migration.

PRELIMINARY FIELD OBSERVATIONS

Dataset overview

Here preliminary results from the first deployment are presented. The goal was to
prove the design of the sensors and to test whether they were able to detect any dynamic
features within the upper shallow seabed. The sensor package was deployed in an

energetic location to increase the probability that the sensors would capture interesting
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phenomena. The deployment location, which was in approximately 1.5m water depth,
was under breaking waves with energetic swell conditions for most of the trial (Fig. 5-
15). One of the displacement sensors failed during a period of large wave heights,
presumably because the sensor became exposed and the compliant sheet was subject to a
strong oscillatory flow in the bottom boundary layer. Overall, the instruments operated
successfully and acquired measurements of displacements and stress fluctuations within
the seabed, such as the time series of selected sensors shown in Figs. 5-16 and 5-17.

A period of approximately 22 hours is shown in Fig. 5-16. The time series data
during the period annotated by the red bar in the middle plot is shown in an expanded
view in Fig. 5-17. The top plot shows the output from the differential pressure sensor.
The middle plot shows the output from a displacement sensor buried approximately 6cm
below the differential pressure sensor and the bottom plot corresponds to a displacement
sensor buried at approximately the same depth as the pressure sensor. The rapid
variations in signal that are annotated by the broken line in the bottom plot correspond to
time periods when the shallow displacement sensor was exposed to the water. The large
steps in signal annotated by the solid lines in the top and middle plots correspond to time
periods when the sediment depth was sufficiently so that the differential pressure sensor
output overloaded the data acquisition card, resulting in channel cross-talk. No data for

the force sensors is shown here because they failed early on during the field experiment.

Preliminary analysis of selected features
The output signal from the differential pressure sensor consists of two

components. The mean trend characterized by slower variations is due to the overburden
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pressure from the grains and depends on the depth-integrated density of the overlying
sediments and the stress propagation from the seabed to the sensor diaphragm. The
dynamic pressure characterized by short time-scale variations is caused by surface
gravity waves shoaling or breaking over the location of the instrument, with oscillations
of larger amplitude when swell conditions are more energetic.

Field measurements from the displacement sensor are consistent with results from
controlled laboratory experiments. The output signal of the displacement sensor shows
discrete step features that may be regarded as evidence of sediment motion, particularly
the output of deep sensor during the 800-900 minutes interval (Fig. 5-16). Note that the
correlation between the displacement events and seabed level changes is not obvious in
the field data.

As illustrated in Fig. 5-17, the granular displacements are depth dependent by
their nature and rate, with a creeping process in the shallowest part and an episodic
process a little deeper in our shallow upper layer of interest. The creep event measured by
the shallower sensor has amplitude of 3 mm over a little less than an hour while the
single event measured by the deeper sensor has amplitude of a little more than 1 mm over
a few minutes.

The creeping mode may be comparable to a boundary layer flow where the
momentum originated in the overlying hydrodynamics and transmitted through the
sediments is damped with depth from the seabed. The discrete motion deeper below the
seabed may correspond to a different rheology. Yet, the dataset does not preclude a
continuous regime transition between a steady creeping mode observed at intermediate

depth and the episodic process.
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Measurement strategy for the second deployment

The results from the first deployment have actually motivated the development of
the video system (see section 5-2.4) to confirm the occurrence and nature of grain
motions. The video system was used in the second deployment, the sensor configuration
of which was motivated by a number of specific objectives. A displacement sensor was
positioned right in front of the camera, with the compliant sheet perpendicular to the face
plate and only a few grain diameters away, in order to obtain a visual characterization of
the grain motions associated with the output signal of the displacement sensor. Two
differential pressure sensors were placed side-by-side to study arching effects and stress
heterogeneities by comparing the vertical stress at the same depth and with similar
overlying sediment geometries. A pair of almost collocated displacement and force
sensors was meant to identify stick-slip dynamics. The dataset of the second deployment

has not yet been analyzed.

COMMENTS
Other examples of dynamical behavior in the bulk of granular assemblies from
laboratory studies
The displacement patterns observed in the field measurements at depths of 400
grain diameters are consistent with the behavior of granular systems (Jaeger and Nagel
1992; Jaeger et al. 1996). In particular, they are reminiscent of results from recent work
by several research groups, including studies on shear bands and stick-slip processes.

Experiments on gravity-driven granular flows involving long-term monitoring suggest
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that particles below the surface exhibit very slow flow that can be detected at arbitrary
depths and thus question the existence of a depth below which grains are immobile
(Komatsu ef al. 2001). Studies on dense slow flows driven by boundary shear indicate
that wide fluidized layers can exist away from the boundary (Fenistein et al. 2003). Such
flows can show complex time-dependent rheology associated with internal reorganization
of the granular skeleton and changes in compaction (Tsai and Gollub 2005). In addition,
work on granular drag exerted on a rod driven horizontally through by a granular layer
shows evidence of stick-slip processes (Albert ez al. 2000).

Only few such studies have been conducted on saturated granular assemblies
(Geminard et al. 1999; Divoux and Geminard 2007; Tsai and Gollub 2005). To ensure
that the results mentioned in the above paragraph constitute an appropriate context to
examine and appreciate the field observations within marine sediments, a natural question
was to verify the commonality of behavior between dry and saturated granular matter.
That saturating granular assemblies does not fundamentally modify their mechanical
properties may be a priori anticipated (Tsai and Gollub 2005; Geminard et al. 1999).
Granular matter mechanics is governed by the physical properties of intergranular
contacts, in particular the frictional properties. Thus the presence of interstitial fluid is not
expected to alter the main characteristics of the mechanics of granular systems provided
that grains are still in contact. Controlled laboratory studies are in order to provide

conclusive experimental evidence of this point. One such study is reported in Chapter 2.

Experiments by Bagnold
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Bagnold conducted experiments (Bagnold 1966) on the shearing and dilatation,
also referred to as dilatancy, of a layer of dry sand. The experimental set-up, with which
some of my laboratory work (involving the manual displacement of a bedform over the
buried sensors with a push-plate) bears similarities (see Fig. 5-5), consisted in pushing
the granular assembly in a bull-dozer fashion by means of a plate that applied a
controlled force. Bagnold analyzed the displacement of the overburden heap in
relationship with the dilatation of the layer at successive shearing planes along which the
pushed grains pass-over underlying grains.

Following his previous experiments on the state of stress within dispersions of
solid spheres under shear (Bagnold 1954), the granular assembly is in the grain-inertia
regime (Bagnold had understood that the shearing of dense granular systems generates a
normal, dispersive stress related to dilatation and that the ratio of the shear to normal

stresses T/P defines a dynamic friction coefficient tan ¢' for a sheared dispersion of
granular solids, with ¢' the effective friction angle characterizing the resistance due to

solid to solid friction; see also Hunt et al. (2002) for a critical review of Bagnold’s 1954
study). Then, on the basis of considerations relative to the frictional properties and the
geometry of the granular system, motion is expected to occur as forward, constant-
velocity jumps associated with the hysteresis in the friction angle along the shearing
plane (i.e. the difference between the static friction angle and the residual angle).

The results for displacement versus velocity of the push-plate showed a
continuous transition between step motions and more regular patterns of creep occurring
when increasing the velocity of the push-plate. The data confirmed that the primary steps

have a constant velocity independent of the mean push-plate velocity. It is interesting that
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the measurements from buried sensors presented here show resemblance with the
behavior observed in the insightful experiments by Bagnold. In particular, the change in
the nature of granular displacements could follow from the decrease in the mean velocity

with depth.

Limitations to the interpretation of the dataset

The current lack of a theory adapted to the study of the small-scale mechanics and
rheology of dense, unconsolidated marine sediments is a severe obstacle to the analysis of
the data. Beyond the examples cited in the previous section, a large body of work shows
that, at least at a scale of 10 to 1000 grain diameters, the response of granular materials to
external forcing is largely influenced by collective behaviors arising from structural
heterogeneities. A comprehensive theoretical framework for granular matter that would
allow interpreting the field measurements is not available at present.

In addition, there are limitations specific to the dataset. First, a more detailed
calibration of the sensors output, in particular for the force sensor, is required for a
definitive interpretation of the field measurements. Then, although wave height is known
from a nearby pressure gauge, complementary data providing a detailed record of the
environmental factors, i.e. current at the seabed interface, seabed elevation and bedforms,
are lacking. A more complete field experiment is required to provide accurate estimates
of sediment fluxes over a sufficiently long time period and adequately characterize the
nature and depth-dependence of sediment motion within the seabed and their relation to

forcing conditions.
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Implications

Despite such limitations, the field measurements presented here constitute an
encouraging attempt at a novel approach to study small-scale sediment dynamics. Given
the difficulty in acquiring reproducible datasets, which is inherent to granular systems
even in the laboratory, the observations are a significant achievement. The preliminary
analysis of the data suggests that, quantitatively, the displacements below the seabed only
contribute to a negligible part of the total flux of sediment transport. Yet there are
indications of interesting behavior that deserve further investigation.

The results from the laboratory work presented in Chapter 2, and which was
motivated by the field measurements, can be applied to the study of small-scale marine
sediments mechanics. The observed episodic displacements below the seabed can be
analyzed in terms of the jamming phenomenon associated with long-range force chains in
granular materials. Such jamming behavior is likely involved in the apparent mass
fluctuations reported in the saturated granular pilings experiments (Le Dantec and Deane
2009). Event-driven granular motion may be associated with failure of granular arches
caused by changes in the stress applied to the overlying sediments. The observed steps in
granular displacements may also arise from dilatation along a shearing plane, following
the analysis by Bagnold mentioned above. In any case, the laboratory experiments on
granular pilings outline the importance of characterizing the (effective) internal friction
of unconsolidated marine sediments to describe their rheology.

More generally, the phenomena associated with the spatial and temporal
heterogeneity intrinsic to granular assemblies, such as the emergence of force chains, are

pertinent to the response of seabed sediments to the stress exerted by the overlying fluid.
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Internal rearrangements at shallow depths below the seabed and coupling effects between
the interstitial flow and the granular skeleton, in particular in the presence of surface
bedforms, may turn out to play a significant role in certain beach and shelf sedimentary

Processces.
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Figure 5-1: Differential pressure sensor. A. Waterproofed sensor potted in
epoxy with accompanying circuit board and clamped to a
deployment mount. B. Sensor alone showing diaphragm

Figure 5-2: Displacement sensor. A. Strain gauge alone. B. Compliant
plastic sheet with waterproofed strain gauges at the base of the
sheet and circuit board. C. Sensor potted in epoxy with
accompanying circuit board and clamped to a deployment
mount. D. Schematic of the deformation of the compliant sheet
of area A. The deformation is measured as the displacement
Ax of the extremity of the sheet
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Figure 5-3: Force sensor. A. Sensor alone showing the notch in the
bending beam and wires attached to the strain gauge that is
bonded on the back side. B. Waterproofed sensor potted in
epoxy with accompanying circuit board and clamped to a
deployment mount. The strain gauge and notch are covered
with a protective jacket
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Figure 5-4: Calibration of the displacement sensors. A. Linearity. Sensor
output in Volts plotted against load in grams. Each point
represents one measurement. B. Symmetry. Measured
deformation in millimeters of displacement of the extremity of
the compliant sheet plotted against load in grams. The blue and
green curves correspond to both directions of deformation and
the red curve to their average C. Temperature sensitivity.
Sensor output in Volts plotted against load in grams for 4
different temperatures (9.9, 25.7, 36.7 and 45.4 degrees C). Each
point represents one measurement. D. Homogeneity of
behavior between sensors. Sensor output in Volts plotted
against the measured deformation. Measurements from four
displacement sensors are compared, each represented by a
curve connecting data points, together with a fifth line
corresponding to the measurements for one of the sensors
after applying the waterproofing treatment
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Figure 5-5: Geometry of the tank set-up for preliminary laboratory
experiments. Three sensors are simultaneously used to
measure differential pressure (blue), displacement (green) and
force (red). The colored dots represent a top view of the sensor
layout. The photograph shows an example of controlled
modification of the environment conditions where a bedform is
laterally pushed across the tank to pass over the sensors
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Figure 5-6: Time series of sensor outputs for measurements acquired in the
configuration shown in Fig. 5-5. Steps in the experimental
procedure are indicated below the plots, together with the
identified phases of relaxation of the displacement sensor and
relevant data filtering information. For the differential pressure
sensor, 5 mV correspond to 1 cm of overlying sediment
thickness and for the displacement sensor 250 mV correspond
to 1 mm of deformation of the compliant sheet
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Figure 5-7: Enlarged view of a portion of the time series shown in Fig.6. The
same correspondences between the voltage output of the
sensors and the associated physical variables apply
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Figure 5-8: First deployment. The sensor package is shown before burial to
illustrate the sensor configuration, with two displacement
sensors in the foreground, one differential pressure sensor in
the middle and two force sensors in the background. Note that
the two right-most sensors are lower than the pair of left-most
sensors. All sensors are attached to a base plate that is slipped
on a vertical pipe. The water-filled vent tube connects a
chamber located against the lower face of the pressure sensor
diaphragm to the water column. The top extremity of the vent
tube is well above the level reached by the seabed is after
sediments deposit over the sensor package and bury it
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Disnléoement

Figure 5-9: Second deployment configuration. Note the pair of nearby
differential pressure sensors in the middle aimed at
investigating arching effects and stress heterogeneities, the
almost collocated displacement and force sensors meant to
identify stick-slip dynamics and the video system in the black
housing, with a displacement sensor right in front of the face
plate to image granular motion in the immediate vicinity of the
compliant sheet. Rulers serve to survey the set-up geometry
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Figure 5-10: Burial of the sensor package. The photograph shows
suspended sediments settling over the instruments
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Figure 5-11: Deployment location. For both measurements campaigns, the
sensor package was set-up in the surf zone by the Scripps Pier,
which is shown in the photograph. The inset is a photograph of
the computer set-up on the Scripps Pier
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Figure 5-12: Video system. A. Front view of the high speed and high
resolution camera in its waterproof housing used for
deployment, showing the transparent optical face plate and the
light head. In the photograph a force sensor is set-up right in
front of camera. The monitor displays the image of two
orthogonal rulers indicating the size of the field of view. B.
Photograph of the camera without the housing in front of the
laboratory tank
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Figure 5-13: Analysis of images from the video system used to track
individual grain displacements. All axes are labeled in pixels (1
pixel = 40 microns) A. Grayscale image from the video system.
B. Color-coded difference between two images taken 3 seconds
apart. The color scale is chosen to obtain a convenient contrast
and has no quantitative significance. C. Enlarged portion of B
showing the displacement of a grain. D and E. Same enlarged
portion as in C, respectively at time T and T+3 sec, showing
that the moving grain appears dark



276

A 100 200 300 400 500 600

B 100 200 300 400 500 600

100
150/ &
200g
250
300=
350
4008

450
C 100 200 300 400 500 600

Figure 5-14: Heterogeneity and localization of granular motion. Three
difference images from laboratory experiments on bedform
displacement with a push-plate (see Fig. 5-5). The images are
color-coded with arbitrary scales and each image was obtained
from still frames 3 seconds apart (see the caption of Fig. 5-13).
Panels A, B and C correspond to selected times during the
displacement of a heap of sand over the field of view of the
camera, with increasing overall granular motion as the bedform
passes directly above the imaged area. Axes labels, scales and
indications for the transparent tape are as in Fig. 5-13
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Figure 5-15: Experiment overview. Plot of the significant wave height at the
Scripps Pier at the time of the first deployment. One of the
displacement sensors failed during a large wave event where
the compliant sheet was exposed
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Figure 5-16: A 22 hour summary time series from the differential pressure
sensor (top plot) and the deeper and shallower displacement
sensors (middle and bottom plot respectively). Annotations
provide information on the sensors operation. Note the 3 mm
displacement measured at approximately 9 cm depth at around
850 minutes on the middle plot
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Figure 5-17: Expanded view of 100 minutes of data taken from Fig. 5-15.

Note the difference in the nature of motion between both
sensors, with single event displacements at a depth of
approximately 9 cm below the seabed (middle plot) and creep at
approximately 3 cm below the seabed (lower plot)
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