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Abstract:
The introduction and growth of biofilm have been shown to decrease the hydraulic conductivity of sand
by as much as 99 percent. This impermeable region created by biofilm forming biomass in the void
spaces of porous media is known as a biobarrier. It is envisioned that biobarriers will be used for
groundwater contamination containment in much the same way that grout curtains or slurry trenches
are currently used. The growth of biobarriers may also prove to be an effective means of in situ
bioremediation. Ongoing research at the Center for Biofilm Engineering at Montana State
University-Bozeman involves the investigation of the growth, effectiveness, and sustainability of
biobarriers in both plugging and remediation applications.
While bacterial plugging and bioremediation show great potential, the impact of bacterial growth on
the stability and deformation characteristics of the populated medium is unknown. For biobarriers to be
used safely in and under existing geotechnical structures, the effect of biofilm on soil mechanical
properties must be understood. The research presented here examines the effects of one type of
biobarrier on a laboratory sand.
The goal of this work was to evaluate biobarrier effects on material behavior and the performance of
certain types of geotechnical structures. To quantify biofilm induced changes in mechanical properties,
triaxial and one-dimensional consolidation tests were performed on populated and control samples.
Due to difficulties encountered in the preparation of biobarrier samples, the only data obtained was for
sand of high relative density. In this high-density sand, the addition of biofilm caused an accelerated
time dependent creep rate, while other properties remained unchanged. An elasto-plastic constitutive
model was calibrated using experimental data and a finite element code. The constitutive model chosen
incorporates both a Drucker-Prager line and an elliptical cap as plastic yield surfaces. Creep is
incorporated into the model and is dependent on the magnitude of the first stress invariant and time.
The finite element code was then used to model a slope and a foundation to determine the significance
of the accelerated creep rate on structural behavior. The addition of biofilm was found to cause a
moderate increase of deformation in the modeled structures.
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ABSTRACT

The introduction and growth of biofilm have been shown to decrease the
hydraulic conductivity of sand by as much as 99 percent. This impermeable region
created by biofilm forming biomass in the void spaces of porous media is known as a
biobarrier. It is envisioned that biobarriers will be used for groundwater contamination
containment in much the same way that grout curtains or slurry trenches are currently
used. The growth of biobarriers may also prove to be an effective means of in situ
bioremediation. Ongoing research at the Center for Biofilm Engineering at Montana State
University-Bozeman involves the investigation of the growth, effectiveness, and
sustainability of biobarriers in both plugging and remediation applications.
While bacterial plugging and bioremediation show great potential, the impact of
bacterial growth on the stability and deformation characteristics of the populated medium
is unknown. For biobarriers to be used safely in and under existing geotechnical
structures, the effect of biofilm on soil mechanical properties must be understood. The
research presented here examines the effects of one type of biobarrier on a laboratory
sand.
The goal of this work was to evaluate biobarrier effects on material behavior and
the performance of certain types of geotechnical structures. To quantify biofilm induced
changes in mechanical properties, triaxial and one-dimensional consolidation tests were
performed on populated and control samples. Due to difficulties encountered in the
preparation of biobarrier samples, the only data obtained was for sand of high relative
density. In this high-density sand, the addition of biofilm caused an accelerated time
dependent creep rate, while other properties remained unchanged. An elasto-plastic
constitutive model was calibrated using experimental data and a finite element code. The
constitutive model chosen incoiporates both a Drucker-Prager line and an elliptical cap as
plastic yield surfaces. Creep is incorporated into the model and is dependent on the
magnitude of the first stress invariant and time. The finite element code was then used to
model a slope and a foundation to determine the significance of the accelerated creep rate
on structural behavior. The addition of biofilm was found to cause a moderate increase of
deformation in the modeled structures.
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CHAPTER ONE

INTRODUCTION

Background

The introduction and growth of biofihn in granular media have been shown to
affect the media’s hydrodynamic characteristics.

Hydraulic conductivity in media

consisting of I-mm glass spheres and fine silica sand has been reduced by more than 98%
with the successful introduction of biofihn forming bacteria (Cunningham et ah, 1991;
Shaw et ah, 1985). Of particular interest are starved bacterial cells, which are much
smaller than normal vegetative

cells.

These

dormant

cells

are known

as

ultramicrobacteria (UMB). In experiments, the UMB have been transported into the
micropore spaces of geologic strata then revived by continuous or dose stimulation with
nutrient. Revival of the bacteria results in the production of extra cellular polymeric
substances (EPS), which acts to plug the formation containing the bacteria. Research is
currently being conducted within the Center for Biofilm Engineering (CBE) at MSUBozeman to examine the use of these bacteria in the field as biobarriers. A biobarrier wall
would be used much in the same way that grout curtains or slurry trenches are currently
used for containment of contaminated groundwater. The use of biobarriers for the dual
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function of containment and bioremediation is also being investigated (Center For
Biofilm Engineering; 1996).
Proposed applications of bioremediation typically focus on the ability of
microorganisms to perform some kind of transformation and/or degradation of
contaminants.

A wide range of contaminants including petroleum hydrocarbons,

pesticides, chlorinated solvents, heavy metals, cyanide, and radionuclides have been
shown to be effectively degraded, transformed, or otherwise removed by microbial
processes. Factors affecting formation and persistence of microbial biobarriers are
currently being investigated at the CBE using column and lysimeter devices. These
biobarriers have significantly reduced hydraulic conductivity and the flux of contaminants
such as cesium and trichloroethylene.
While bacterial plugging shows great potential in containing contaminated
groundwater plumes, it is not clear what the impact of bacteria will be on the stability and
deformation characteristics of the populated soil medium. The purpose of this research is
to examine the impact of bacteria on the mechanical properties of a fine silica sand. The
effects that were anticipated are listed below:

'

1. The addition of a cohesional component of strength due to the
%
exopolysaccharide produced by the bacteria and its tendency to adhere to sand
particles and thereby cause particles to cohere to one another.
2. Reduced frictional component of strength caused by the addition of .
lubrication provided by the biofilm. It is anticipated that this lubrication
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would decrease the mineral-to-mineral sliding component of friction, leaving
the dilational component relatively unchanged.
3. The highly viscous properties of the biofilm populated pore fluid may add a
viscous component of deformation previously unseen in the nearly inviscid
clean sand.
4. Permeability reduction caused by biofilm creates a change in the pore fluid
pressure response for conditions where the pore fluid is allowed to drain from
the specimen for a given rate of load application. The time necessary for the
pore fluid pressure, induced by an increment of load, to dissipate to drainage
boundaries is dependent on the soil-pore fluid permeability. This induced
pore fluid pressure in turn affects overall strength development. In other
words, the lower permeability biofilm-populated sand may tend to shear in a
more undrained fashion as compared to the non-populated sand for a given
rate of load application.
At sites where buildings, liquid waste containers, or slopes overlie the intended
biobarrier location, biofilm induced changes in soil properties could deleteriously affect
performance of the structure. This thesis details efforts to determine how the addition of
biofilm to laboratory sand affects the mechanical properties of the sand and geotechnical
structures built on or with the sand.
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Scope of Work

The goal of this work was to evaluate biobarrier effects on material behavior and
geotechnical structure performance. To accomplish this a visco-elastic-plastic constitutive
model of a porous material was calibrated using experimental data in conjunction with a
finite element code. A course of experimentation was planned and executed to obtain
material parameters necessary to calibrate the constitutive model and quantify biofilm
induced changes. The finite element code was then used to model a slope and a
foundation to determine the significance of biofilm induced changes on structure
behavior.

Experimentation
A number of biobarriers had been grown and analyzed at the CBE. These
biobarriers were formed by the UMB Klebsiella oxytaca grown in F-TlO Ottawa sand.
Because this reference data existed, the same combination of microbe and soil medium
was selected for mechanical testing. It should also be noted that F-IlO Ottawa sand is
readily available and has nearly identical physical properties from batch to batch. Thus it
is ideal for mechanical experimentation. The techniques used to grow biobarriers at the
CBE were the basis for those used to grow biobarriers for mechanical testing. Equipment
was designed and constructed to grow biobarriers in the small samples required for this
purpose.
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Constitutive models of sand are typically elastoplastic or viscoelastic-plastic.
Parameters for both types of models are calibrated using triaxial tests. The experimental
work performed consisted of drained and undrained triaxial tests. In addition, one
dimensional consolidation (pedometer) tests were performed to ascertain if biofilm
induced accelerated creep behavior.

These experiments were performed at different

relative soil densities on biofilm and control samples.

Modeling
An visco-elasto-plastic Drucker-Prager cap constitutive model was selected and
calibrated with the assistance of a commercial finite element (FE) code called
ABAQUS™. This model incorporates elastic, plastic, and creep behaviour. Calibration
consisted of modeling oedometer and triaxial tests and choosing the parameters of the
constuitive model such that computer generated stresses and strains duplicated those
recorded from experiment.
Once calibrated, the FE code was used to model a strip foundation and an infinite
slope. The effects of a biobarrier on these structures at different load levels and over
different time spans were analyzed using the results from the FE models.
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CHAPTER TWO

LITERATURE REVIEW

Introduction

The literature review contained in this chapter is divided into four main sections:
the influence of biofihn on sand, biobarrier research, the constitutive modeling of dense
sand, and mechanisms for secondary compression in granular materials.

The Influence of Biofilm on the Mechanical Properties of Sand

At the time of this writing, the author is not aware of any prior research effort to
examine the effects of the introduction of biofilm on the mechanical properties of soils.
Research has been conducted to examine the effects of highly viscous pore fluids on the
shear strength of sands (Zeng et al.,1998, Bielbyj 1989). In these studies, glycerin-water
mixtures and silicon oils having a viscosity approximately 80 times that of water were
used as the pore fluid in a series of drained triaxial shear tests. It was concluded that the
highly viscous fluid had little effect on the material properties of sand in both cases.
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BiojMms in Porous Media
Bipfilms form when aqueous microbial cells adhere to a surface and secrete EPS.
Microbial biofilms accumulate because of microbial abilities to adsorb, metabolize, and
replicate on surfaces. At some point in the sorption process, a bacterial cell may become
irreversibly adsorbed. Irreversible adsorption or chemisorption may involve short-range
forces such as dipole-dipole interactions, dipole-induced dipole interactions, ion-dipole
interactions, hydrogen bonding, hydrophobic interactions, or polymeric bridging. EPS
produced at the cell surface are the adhesions most often implicated- as the agents of
irreversible adsorption (Characklis and Marshall, 1990). A summary of the various
functions of EPS in cell-surface interactions can be found in Robb (1984).
Fundamental rate processes including growth, product formation (e.g., EPS),
maintenance and/or endogenous decay, and death and/or lysis of cells control biofilm
formation (Characklis and Marshall, 1990). The processes of growth and maintenance
consume energy so that if nutrients become depleted, death and/or lysis occurs.
The first detailed study of the transport and growth of bacteria in porous media
occurred in 1984 (Shaw et al., 1985). This study found that fully vegatative natural
bacteria formed a skin plug at the inlet of the glass spheres that composed the porous
media. The naturally occurring or “wild type” bacteria adhered so readily to the glass that
the biobarrier formed achieved a thickness of only a few hundred microns. From this
study, it was concluded that metabolically active “wild type” bacteria do not penetrate
deeply into porous material.
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When subjected to starvation, some bacterial cells undergo radical size reduction
and adopt a dormant metabolism. These dormant cells, called ultramicrobacteria or UMB,
can survive for many years. (Kjelleberg, 1993). When exposed to a nutrient rich
environment, UMB are capable of rapidly resuscitating to the vegatative state. The
discovery of UMB in the deep terrestrial subsurface indicates that they are capable of
movement in porous media with a permeability of greater than 150 milliDarcies. UMB
are not motile, therefore they are found along the path of groundwater flow in the
Subsurface environment.
Several researchers have performed experiments proving that UMB can be
transported throughout a porous media and subsequently resuscitated. Large numbers of
UMB have been shown to be retained in pore spaces as they are transported through
porous media. Resuscitation has been accomplished by adding a nutrient chaser to the
water flowing through the media. When the cells return to the vegatative state in a
nutrient rich environment, large amounts of EPS are produced, reducing permeability
(MacLeod et ah, 1988, Cusack et ah, 1992). Microscopic observations of fluid flow
through biofilm populated porous media revealed that biofilm reduces hydraulic
conductivity by blocking or restricting flow channels (Stoodley et ah, 1994). The process
of resuscitation and subsequent reduction in permeability are dependent on the type of
UMB, the type of nutrient, and the rate of supply of the nutrient. Therefore, it is possible
to grow biobarriers at selected locations within a porous media by controlling the
injection and resuscitation protocols (Cunningham et ah, 1997).
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Mesoscale Biobarrier Research
In recent years, the formation and persistence of biobarriers has been studied
extensively at the Center for Biofilm Engineering at Montana State University, Bozeman.
Biobarriers were grown in mesoscale columns and lysimeters using a variety of sands and
microbes. To evaluate persistence, fully developed biobarriers were subjected to
starvation and exposed to several contaminants. The protocols used in this research were
the basis for the techniques used to grow biobarriers in samples used for geotechnical
testing during this research.
Column barriers were formed in 6" x 36" sand-packed columns equipped with
sampling and piezometer ports along the length of the flow-path. The apparatus used in
these experiments is illustrated in Figure 2.1. The columns were inoculated with a
solution containing the UMB Klebsiella oxytaca, after which nutrient was added to the
influent supply initiating resuscitation and bacterial growth. Initially (0-50 days), a rapid
reduction in overall hydraulic conductivity of 73% to 95% was observed. This initial
plugging occurred in a gradient through the column with the greatest hydraulic
conductivity reduction near the column inlet. In areas further from the column inlet,
hydraulic conductivity continued to decrease slowly over time. After approximately 150
days, the reduction in hydraulic conductivity became uniform throughout the column.
Exposure of established biobarriers to relevant concentrations of heavy metals (I ppm
strontium or cesium) and a chlorinated organic solvent (50-300 ppm carbon tetrachloride)

did not have a deleterious effect on biobarrier integrity. The presence of microbial
barriers reduced contaminant flux by 96-99% (Cunningham et al., 1997). The geometry
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of the samples prepared for testing was cylindrical; therefore, data from column
biobarriers was used as a benchmark for biobarrier performance in this research.

Constant
Head
Influent Tank
Formed
Blobarrler
Test Chamber
(Porous Media)
Influent
Valve

Sample
Points

Gravel —
Conical. ^
Influent Head

Knife
Gate Valve

Figure 2.1 Column Biobarrier apparatus

Constitutive Modeling
Various elasto-plastic constitutive models have been proposed to describe the
material properties of granular materials. In these models, plastic behavior is described by
a yield function describing the onset of plastic flow as a function of stress state and path,
a flow rule describing the development of plastic strains and a hardening rule describing
the change in size of the yield surface. In recent years, more complex constitutive models
have been formulated that incorporate time dependence in the plastic flow rules. The
Drucker-Prager Cap model used in this research is an example of this type of model.
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Drucker and Prager (1952) developed the first elasto-plastic constitutive model
used to describe granular material behavior. In the model, associated plastic flow occurs
on a generalized Mohr-Coulomb failure line, known as the Drucker-Prager (DP) line as
illustrated in Figure 2.2. The DP line is defined in a stress space with axes corresponding
to the square root of the second stress invariant, J 2, and the first stress invariant, J\. In this
model, material behavior is assumed to be independent of the third stress invariant. The
angle a is dependent on the angle of friction and k is proportional to the cohesion.
Behavior in the elastic region is governed by constant shear and bulk moduli (Drucker
and Prager, 1952).

The model has the following shortcomings: I) the amount of

dilatancy predicted during shear is greater than experimentally observed dilation and 2)
plastic compaction caused by hydrostatic stress is not described.

Drucker Prnger Line

Elastic Region

Figure 2.2 Drucker Prager model
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An improved elasto-plastic constitutive model based on the work of Drucker and
Prager was formulated by DiMaggio and Sandler (1971). The features of the model are
illustrated in Figure 2.3. The yield surface in this model is composed of two stress
dependent functions, a failure line and an elliptical cap. Plastic flow is associated on both
the cap and the failure line. The failure line is defined by any function of J 1 and J? that
best describes the plastic flow observed in experiment. The strain-hardening cap yield
surface expands or contracts as the plastic volumetric strain increases or decreases. The
moveable cap provides both a plastic compaction mechanism and a method of controlling
dilatancy in shear. To determine the capability of the model to describe the behavior of a
real soil, model parameters were calibrated to describe the behavior of a laboratory sand.
Calibration data was from axisymmetric tests on cylindrical specimens subjected to
triaxial stress, uniaxial strain, and proportional loading. Model predictions of stressstrain behavior correlated closely with experimental results.

Failure Curve

Figure 2.3 Sandler’s Cap model
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In a subsequent paper, Sandler et al. (1976) provided a detailed description of the
methodology involved in calibrating a Drucker-Prager cap model to describe granular
material behavior. The first step in the calibration process was to determine elastic
material properties. Specimens were compressed hydrostatically, then unloaded to
determine the elastic bulk modulus. The elastic shear modulus was found using data from
unloading specimens subjected to triaxial stress. Triaxial stress tests were also used to
determine the failure envelope. The most difficult step in the calibration process was
determining the cap portion of the model. A trial and error procedure was used in which a
cap shape and a hardening rule were assumed. The behavior of the assumed model was
computed and compared to experimental data. The process was then performed
iteratively until a satisfactory fit was achieved.
Most granular materials exhibit non-associated flow when failing in shear
(Poorooshasb et al., 1966). Lade et al., (1987) examined the non-associated flow
characteristics of a laboratory sand along varied stress paths. The successful modification
of a cap type model to include non-associated flow describing granular material behavior
in shear was first accomplished by Rubin (1990). Non-associative flow has been used to
describe plastic behavior in shear in various constitutive models, most notably the
modified Cam-clay model (Schofield and Wroth, 1968).
Several investigators have postulated the existence of unique stress-strain-time
functions that describe the behavior of soils subjected to monotonic loading or stress
relaxation (Borja and Kavazanjian, 1985; Singh and Mitchell, 1968). The creep law
contained in the constitutive model used in this research is based on a modified CamClay model formulated by Borja (1993). Borja described the delayed volumetric and
deviatoric behavior of soils using a unified stress-strain-time function. The delayed soil
response is viewed as driven by stress relaxation occurring as a function of time and
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stress-state. Creep rate stress dependency is defined as a function of the distance of a
material point from the yield surface in stress space.
A variety of visco-elastic-plastic constitutive models have been used to analyze
the behavior of creeping slopes (Savage and Chleborad, 1982, Davis et ah, 1993, Desai et
ah, 1995). The focus of these studies has been the examination of the movement of
creeping slopes along an existing failure surface, not the comparative creep settlement of
regions of the slope. Typically, these studies describe material properties in various
regions of the slope with separate constitutive models. Finite element techniques are then
applied to attempt to match the observed movement of naturally occurring creeping
slopes. In each case, the constitutive model of the material constituting the interface
between the creeping mass and the stationary failure surface incorporates a type of timedependent plastic mechanism.

Methods of Computing Secondary Settlement

A conventional solution for the settlement of clayey soils due to secondary
compression has been in common use for a number of years. Secondary compression is
the plastic deformation of a soil that occurs at a constant effective stress. Unlike primary
consolidation, secondary compression is not associated with the dissipation of pore
pressure. The author feels that this method is applicable in evaluating settlement in sands
caused by accelerated creep due the addition of biofilm.
Mesri and Godlewski (1977) found that secondary compression settlement
occurring in clays under a constant load is a logarithmic function of time. This
relationship was quantified using a parameter called the secondary compression index
derived from oedometer test data. The secondary compression index Ca, is defined as:
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Ae
Alogf

(2 . 1)

where Ae is the change in void ratio along a part of the void ratio versus the logarithm of
time curve between times ti and

and Alogf is the difference between the log of f/ and

fj. Settlement can be computed by:
(2.2)
^ C a#.A logf
where Ss is the settlement due to secondary compression, and H0 is the initial thickness of
the soil layer being analyzed.
The most common method of computing foundation settlement on granular
materials was formulated by Schmertmann (1970). Schmertmann noted that many of the
published settlement records showed settlement continuing with time after the initial
“elastic” settlement had ceased.

This phenomenon was compared to the secondary

consolidation settlement or creep exhibited by foundations built on clays. Schmertmann
postulated that creep settlement in granular materials decreased logarithmically over time
according to Nonveiler’.s (1964) equation given by:
■
I + (3log
(2 3)

fJo- TJ_

where p0 is the settlement at some reference time t0, p, is the settlement at time f, and (3 is
a constant having a value of 0.2. In Schmertmanns method, creep settlement occurring
after initial settlement is accounted for by solving the bracketed term in Equation 2.3
using a f0 = 0.1 years and a |3=0.2 and multiplying it by the computed initial settlement.
Since the values of (3 and t0 have not been determined for a wide range of granular
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materials, the time rate of settlement arrived using this method may be erroneous in cases
where these parameters differ significantly from the values used by Schmertmann.
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CHAPTER THREE

EXPERIMENTAL METHODS

Introduction

Biobarriers formed with the ultra microbacteria Klebsiella oxytaca and F-IlO
Ottawa sand have been evaluated for growth, persistence, and hydraulic conductivity
reduction (Cunningham et ah, 1997). Data on growth, sustenance, microbial populations
and hydraulic conductivity reduction from these biobarriers was readily available;
therefore, the combination of Ottawa sand and k. oxytaca was used in this research for
compatibility. This chapter describes the techniques used to perform the experimental
work required to obtain data on mechanical properties of sand.
Data necessary for modeling was obtained from both triaxial and one-dimensional
consolidation (oedometer) tests. Considerable effort was expended on developing
equipment and techniques for growing biobarriers in triaxial arid oedometer samples. To
examine the influence of sand density, experiments were performed on samples at low,
medium, and high relative densities. Tests were performed on either control and biofilm
populated samples. The microbial and hydraulic conditions found in column biobarriers
grown at the Center for Biofilm Engineering were used as a reference in the preparation
of biofilm populated samples (Cunningham et ah, 1997). Analysis of the data generated is
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discussed in Chapter 4.

Triaxial Sample Preparation

A special triaxial specimen mold, shown in Figure 3.1, was fabricated so that a
biobarrier could be grown and tested in a triaxial testing apparatus. This mold consists of
four half cylinders that are assembled with bolts to form a cylindrical mold 203 mm high
with an inner diameter of 101 mm. Porous stones placed at the top and bottom of the
sample permitted fluid to flow through the samples without loss of material. The
removable portions of the mold allow the porous stones to be replaced without disturbing
the sample. The porous stones had to be replaced periodically during the biobarrier
growing process since they became clogged with organic material. Access ports drilled in
the top and bottom platens allow nutrient to flow through the sample during biofilm
growth and provide drainage during triaxial testing. A metal bracket connected the top
platen to the upper mold to ensure that the volume of the mold remained constant during
biofilm growth. A latex membrane enclosed the triaxial sample entirely, providing an
impermeable boundary during growth and testing.
In order for the comparison of results to be valid, samples had to be uniform and
consistent. The F-110 Ottawa sand had a uniform specific gravity of 2.71. The grain size
distribution is shown in the Appendix, Figure A l. The size and shape of the samples were
fixed; therefore, the parameter that had to be carefully controlled was density. Two
techniques were developed to prepare uniform and consistent density samples. A raining
technique through a sieve was used to achieve relative densities of forty and sixty-five
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percent. Sand was rained into the triaxial specimen mold from a constant height until the
mold was filled. To achieve one hundred percent relative density a vibrator was used to
compact the material in one-inch lifts. The maximum density achieved by vibration was
1.75 gm/cm3 which then defined one hundred percent relative density. Samples that
deviated from the target density were discarded.
Hydraulic conductivity values of a biobarrier are the measure of its effectiveness
at plugging flow. Comparison of these values from sample to sample reflects the
magnitude of biobarrier growth from sample to sample. A falling head permeability test
was used to measure the hydraulic conductivity of triaxial specimens. The falling head
apparatus, illustrated in Figure 3.2, consisted of a graduated cylinder connected to the

Figure 3.2 Falling head permeability apparatus
mold with surgical tubing. Fluid in the beaker at a known height above the sample
provided the driving head for the fluid. Hydraulic conductivity could be measured
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initially and after biobarrier growth without disturbing the sample.
Once the hydraulic conductivity was measured for a final time, the sample was
prepared for testing. The mold and triaxial cell base were placed on the load frame and
the tubing and sensors of the triaxial apparatus were attached. In order to remove the
mold without disturbing or distorting the sample, a Vacuum of 20 kPa was applied to the
sample through the upper access ports. The mold was then disassembled and removed
from the sample.

Preparation of Biofihn Populated Triaxial Samples
Three steps were used to grow a biobarrier in the specimens; I) inoculating a
porous media with UMB, 2) resuscitating the UMB to a vegetative state, and 3) feeding
the bacteria until the biobarrier is formed. The triaxial mold was fabricated such that
biobarrier samples of uniform hydraulic, mechanical and bacterial populations could be
grown. The following section describes the methods used and results achieved in growing
biobarriers in triaxial samples.
The first step in biobarrier growth was inoculation. Prior to the introduction of
UMBs, samples were saturated with a nutrient solution. A buffered sodium citrate
medium was the nutrient used. The formula for the nutrient solution is given in Table
3.1.
Saturation was accomplished by draining a reservoir filled with two pore volumes
of nutrient solution through the sample. One-tenth of a pore volume of isolate of
Klebsiella oxytaca suspended in a phosphate-buffered saline solution was mixed with 1.5
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pore volumes of nutrient solution and gravity drained through the sample. The sample
then gestated for 48 hours to allow the bacteria to revive from their starved state and
adhere to the surfaces of the sand. Adhesion had to occur before a hydraulic gradient was
applied to prevent the bacteria from flushing out prior to biobarrier formation.
Compound

Concentration
Gm/liter fflbOl

Sodium Citrate (Na3C6H5C ^H 2O)

7.36

Ammonium Sulfate (NHLt)2SO4

3.30

Potassium Phosphate K2HP04

9.22

Potassium Phosphate Monobasic H2P04

7.30

Magnesium Sulfide MgS047H20

.25

Ferric Chloride FeCl36H20

.0068

Table 3.1 Composition of nutrient solution
Data from column and lysimeter biobarriers grown in sand of 90% relative density
at the CBE provided expected growth rate curves for a column biobarrier. One pore
volume of nutrient per day were forced through each sample during the growth period.
Figure 3.3 is a plot of the decrease of hydraulic conductivity during the biobarrier growth
in a column biobarrier. As the biobarrier grew in the triaxial samples, hydraulic
conductivity was tracked as an indicator of bacterial growth. Hydraulic conductivity was
observed to decrease at a logarithmic rate with over 90% of the reduction occurring
within the first ten to twelve days. Triaxial samples were deemed ready for testing when
hydraulic conductivity decreased by approximately one order of magnitude, the same
level of plugging achieved in column biobarriers. From the onset of feeding, the time
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required for full growth ranged from 14 to 25 days.

O 0.03

o

0.02

Time from Inititation o f Nutrient Flow (Days)

Figure 3.3 Hydraulic conductivity reduction in a column biobarrier
After triaxial testing was completed, the bacterial population per gram of sand at
the top and bottom of each sample was measured using plate and direct counting
techniques. Plate counts are a measure of the number of live bacteria. The bacteria are
separated from the sand mechanically and grown on Petri dishes. The microbes form
colonies, which are then counted. The units of the final measure are colony-forming units
per gram of sand. Direct counts are bacteria preserved with formaldehyde, then stained
and counted under a microscope.

Biobarrier Growth and Sloughing
The first attempts at sample growth were in sixty-five percent relative density
samples using a surge flow technique. One pore volume of nutrient per day was flushed
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through the sample at a hydraulic gradient ranging from one to two. The time required for
nutrient to flow through the sample ranged from thirty minutes to four hours depending
on the hydraulic conductivity. Hydraulic conductivity reduction values are shown in
Table 3.2. Out of six samples attempted, hydraulic conductivity was reduced by one order
of magnitude in only two.
Hydraulic Conductivity (cm/sec)
Initial

Final

Percentage Decrease

6.30E-03

1.38E-04

97.81

5.076E-03

4.783E-04

90.58

5.50E-03

3.75E-05

99.32

4.60E-03

2.10E-03

54.35

5.00E-03

3.50E-03

30.00

5.00E-03

4.10E-03

18.00

Table 3.2 Hydraulic conductivity reduction in 65% relative density samples
The cause of unsatisfactory plugging was most likely sloughing. Sloughing refers
to a rapid and massive loss of biofilm (Howell and Atkinson, 1976). This phenomenon is
usually caused by some artificial stimulus such as substrate loading, oxidizing or
nonoxidizing biocides, or addition of surfactants. Sloughing will also occur when biofilm
is subjected to hydrodynamic shock. The surge flow technique subjected the biofilm to
both mechanical and chemical shocks. Mechanical or hydrodynamic shock occurred when
the sample went from no flow to full flow conditions at the onset and cessation of
feeding. The chemical shock is that fully oxygenated nutrient was presented to the biofilm
at the start of feeding. In the no flow period, the facultative bacteria lowered the dissolved
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oxygen level in the pore fluid to anaerobic levels. The sudden switch back to aerobic
growth probably disrupted any colony forming activity and pore plugging that occurred in
the interim.
To prevent sloughing in sixty-five percent relative density samples^ a growth
method using constant head was attempted. It was thought that a constant head would
prevent the mechanical and chemical shocks to the microbial growth environment caused
by the onset and cessation of flow. To maintain a constant head, nutrient was recycled
back into the supply reservoir with a peristaltic pump. It was soon evident that only one
pass through the sample caused H2S levels in the nutrient to rise significantly. H2S is a
metabolic product of anaerobic metabolism of the bacteria. Its presence indicated that the
biofilm plug metabolism was aerobic in the region closest to the nutrient inlet, and
anaerobic for the remainder of the sample. High concentrations of H2S in the recycled
nutrient probably caused bacterial mortality and sloughing. Even with frequent
changeover of nutrient in the reservoir, no significant reductions in hydraulic conductivity
occurred in sixty-five percent relative density samples, indicating that recycling of
nutrient would not lead to successful sample preparation.
The final method attempted was to maintain a constant hydraulic head across the
samples and without recycling the fluid. This was done by adding nutrient to the reservoir
at frequent intervals. Sixty-five percent relative density samples did not achieve an
appreciable drop in hydraulic conductivity using this method. It seems likely that the head
required to drive sufficient nutrient flow for growth is of sufficient magnitude to cause
sloughing and/or prevent the accumulation of extra cellular polysaccharides (EPS) in the
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pore spaces of loose samples.
Hydraulic Conductivity (cm/sec)
Initial

Final

Percentage Decrease

1.20E-03

8.724E-05

92.73

2.00E-03

3.073E-04

84.63

1.21E-03

9.805E-05

91.90

2.34E-03

2.030E-04

91.32

1.70E-03

3.457E-04

79.67

1.02E-03

1.4E-04

86.3

Table 3.3 Hydraulic conductivity reduction in 100% relative density samples
After the failure to grow biobarriers in sixty-five percent relative density samples,
one hundred percent relative density samples were grown using the surge flow technique.
These attempts were successful in growing biobarriers that reduced hydraulic
conductivity considerably as shown in Table 3.3. The bacterial populations determined
from direct and plate counts from the top and bottom of the friaxial samples is shown in
Table 3.4. The bacterial counts were in the range of IO8 colony-forming units per gram of
sand, which correlated well with concentrations from column biobarriers.
The bacterium k. oxytaca is facultative, i.e., growth can occur with or without the
presence of oxygen. Bacterial growth and polymer production rates differ for aerobic and
anaerobic metabolisms, with the anaerobic metabolism exhibiting less vigorous growth.
In the lower portion of the samples where oxygen-rich nutrient solution entered, aerobic
growth occurred which lowered the dissolved oxygen concentration. In the upper region
of the sample, the bacteria grew in an anaerobic environment. This may have resulted in
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the bacteria influencing the mechanical properties of the sand differently in the upper and
lower portions of the samples prepared for triaxial testing.

Bacterial Counts
Direct (Bacteria per gm)

Plate (CPU per gm)

Top

Bottom

Top

Bottom

2.5E08

3.3E08

1.5E07

1.2E07

3.1E08

4.8E08

1.8E07

5.1E07

6.8E08

5.9E08

7.5E07

7.8E07

1.3E08

9.2E08

4.5E07

6.5EG7

1.7E09

7.7E08

2.1E08

8.2E07

8.4E08

2.3E09

7.8E07

9.3E07

Table 3.4 Bacterial populations in triaxial samples
The process of conducting a falling head permeability test and stripping the
triaxial mold may have also affected the biobarrier causing erroneous results. The
possible affects are:
1. The consolidated drained tests ran for over twelve hours after nutrient flow had
ceased. This is enough time for changes to occur in the microbial metabolism that
could affect the mechanical properties of the sand.
2. When the mold was stripped, a low vacuum was applied to the interior of the
sample through the top platen. Application of the vacuum may cause mechanical
separation of the adsorbed bacteria from the sand. This may affect the mechanical
properties of the sample, especially in the upper portions of the sample.
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Conventional Triaxial Compression Tests (CTC)

In order to define strength and deformation properties of the F-IlO Ottawa sand
tests were conducted using a triaxial cell. The majority of the experiments were
isotropically consolidated, drained, conventional triaxial compression (CD-CTC) tests.
Two consolidated undrained (CU-CTC) tests were also performed. Identical consolidated
drained and undrained tests were performed on biobarrier and control samples. The
triaxial apparatus used was equipped with standard instrumentation that measured axial
strain, axial stress, confinement pressure, pore pressure, and sample volume change. Data
was collected and stored digitally using a data acquisition unit coupled with a computer.
CD-CTC tests were conducted in two stages, a consolidation stage and a shearing
\

stage. During the consolidation phase, the sample was subjected to a hydrostatic
confining pressure. Since consolidation in the sand .takes place almost instantaneously
due to its relatively high hydraulic conductivity, no data was recorded during this stage.
The specimen was then sheared at a constant strain rate. The displacement rate was 0.254
mm/min for control samples and 0.01524 mm/min for biofilm samples. The slower rate
was used to prevent the build up of pore pressure in biofilm samples with lower hydraulic
conductivity.
A complete set of duplicate CD tests were performed on control and biobarrier
samples at one-hundred percent relative density with confinement pressures (03) of 50,
300, and 600 kPa. Complete sets of tests at other relative densities were not performed
due to the difficulties in growing biobarriers. Two CD-CTC tests were performed on the
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two 65% relative density samples that showed significant reduction. Plots of the data
from these tests are located in Appendix A.
A set of CU-CTC tests were performed on biofilm and control samples. All tests
were performed with a confining pressure of 300 kPa and a strain rate of 0.254 mm/min.

Hydrostatic Compression

Hydrostatic compression tests were performed on control sand to determine the
relationship between plastic volumetric strain

and the first stress invariant (p).

These parameters are defined later in Chapter 4. These tests used the triaxial cell as a
hydrostatic compression chamber to apply increasing pressures and measure sample
volume changes.
Plastic volumetric strains were measured over increasing increments up to
600kPa. To separate elastic and plastic volumetric strains pressure was increased and
volume change of the sample measured. Pressure was then reduced to the original level
and volume change measured.

The difference between the two volumes was the

irrecoverable plastic volume change from which plastic strain was computed.

Pedometer Experiments

Oedometer tests are commonly used in geotechnical engineering practice to assess
the one-dimensional compression and pore pressure dissipation behavior of soils. The
test consists of subjecting a sample confined within a rigid brass ring to a series of
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increasing vertical stresses. A commercial oedometer apparatus that used a lever and
interchangeable weights was used to apply varying vertical stresses.
Oedometer tests were used to determine the effect of biofilm on both primary
\

consolidation and secondary compression behavior of the sand. Primary consolidation is
the reduction in volume of a soil mass under a sustained load due to the flow of fluid
from the pore spaces. The rate at which primary consolidation occurs is directly
proportional to the hydraulic conductivity. Secondary compression is the reduction in
volume of a soil mass under a sustained load caused by the reorientation of soil particles
and is typically attributed to creep deformation of the material. All tests were duplicated
i.e., two control and two biofilm tests were performed.

Preparation of Biofilm Populated Oedometer Samples
An oedometer sample ring was modified in order to grow biobarrier samples. The
modified ring, shown in Figure 3.4, has three access ports through the ring wall. In
conjunction with the porous stone placed on the top of the sample, the access ports
provide a flow path that allowed nutrient to flow through the sample. During the
biobarrier growing process, these ports were plugged with glass wool to prevent sand
from escaping from the sample. The entire ring was surrounded by a plexiglass cylinder.
This cylinder was filled with nutrient to a level higher than the sample, insuring that the
sample remained saturated. A gravitational head was used to continuously force nutrient
through the ports and sample during growth and testing. The modified apparatus had
only one drainage boundary, a porous stone at the top of the sample. The porous stone
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could be removed and cleaned when it became clogged with organic material. During the
growing process, a stress of 0.5 kPa was applied to the porous stone to prevent sample
distortion due to seepage forces caused by the flow of nutrient.
Oedometer samples were inoculated and biobarrier growth initiated using the
same technique as used in the triaxial samples. Unlike the triaxial samples, measuring the

Oedometer Ring

Port for Fluid Flow

Glass Wool Plug

Plexiglass Enclosure

Porous stone
Nutrient
O-ring

Figure 3.4 Modified oedometer ring a) top view, b) side view
hydraulic conductivity of a sample was not possible because the exact flow path
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dimensions were unknown. Since there was no measurement of hydraulic conductivity
reduction as the biobarrier formed, “plug” formation was assumed to be completed after
two weeks of growth. Secondary compression tests lasted for a period of up to two weeks
during which biofilm samples were Continuously supplied with nutrient.
After the completion of testing, the bacterial population in the middle region of
the sample was determined by direct and plate counts. Bacterial count levels are shown
in Table 3.5. The level of bacterial population in the oedometer samples correlated well
with those from successfully grown triaxial samples.
Bacterial Counts
Direct (Bacteria per gm)
5.5E08
8.8E08
1.1E09

Plate (CPU per gm)
8.2E07
5.1E07
9.8E07

Table 3.5 Bacterial population in oedometer samples

Primary Consolidation
Primary consolidation testing measures the deformation of the sand matrix under
vertical load during the process of pore pressure dissipation. Primary consolidation
testing consisted of subjecting biofilm and control samples to vertical stress and
measuring consolidation. Vertical displacement (strain) measured five seconds after load
application was recorded as the measure of primary consolidation. Immediately after this
measurement the load was doubled and the next data point taken. Loads ranged from 15
to 4500 kPa.
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Secondary Compression
Secondary compression measures the deformation of the sand matrix under
vertical load once pore pressure has equilibrated. Secondary compression tests were run
on samples prepared separately from those used to determine primary consolidation
characteristics. Secondary compression was measured by applying a constant vertical
stress to an oedometer sample and measuring vertical deformation at logarithmically
increasing time intervals for 24 hours. After 24 hours, a higher stress was applied and the
measurement process repeated. Stresses were applied in a geometrically increasing
fashion with each succeeding stress level doubling the previous one. The initial loading
was 15.5 kPa and the highest and final load level was 4500 kPa.
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CHAPTER FOUR

EXPERIMENTAL RESULTS AND ANALYSIS
Introduction

This chapter describes the process of reducing and analyzing data obtained during
from the tests described in Chapter 3. Data analysis for each type of test performed is
described separately. The results of the analysis were parameters that defined material
properties. The parameters describe the elastic, plastic, and time-dependent creep
properties of control and biofilm populated sand in compression. Due to the inability to
grow biobarriers in the lower density tfiaxial samples, only data from samples prepared to
100% relative density is presented in this chapter and used in the remaining sections of
this thesis.

Logarithmic Strain
The finite element program used for constitutive modeling requires strain inputs
to be in the form of logarithmic strain or true strain. Logarithmic strain is defined as:
(4-1)

en =ln(l + en)

where en is logarithmic strain, and en is engineering strain. Values of strain reported in
this thesis are logarithmic. Engineering strain as measured or computed from
experimental data has been converted to logarithmic strain using Equation 4.1.
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Primary Consolidation
The purpose of primary consolidation testing was to determine how biofilm
affects the consolidation characteristics of sand during pore water pressure dissipation.
Specifically, experiments were performed to reveal if biofilm had an impact on the
volume compressibility characteristics of the sand tested.
One-dimensional primary consolidation is governed by Terzaghi’s consolidation
equation. This equation relates how induced pore water pressure dissipates as a function
of time and distance from drainage boundaries and is given by:

(4.2)

du( z, t } _
Qt

where, u = pore pressure, t = time,

d 2u{z, t }
v dz2

z = depth, cv = coefficient of consolidation. The

relationship between the coefficient of consolidation, hydraulic conductivity and mv, the
coefficient of volume compressibility is given by:

(4.3)

k
cv = ------

where Yw is the specific weight of water. The coefficient of volume compressibility
defines the relationship between volumetric strain (sv) and mean stress {crm):

(

«

)

-

Applying boundary conditions present in the oedometer, the solution to equation 4.2 is:
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T = Cyt
(4.5)
where Tv is a time factor, t is time, and Hdr is the height of the sample.
Terzaghi ’s equation was solved for the time at which 90% of primary
consolidation occurred in control and biofilm samples to determine the time duration
required between load applications. For this solution values of mv were held constant and
average values of hydraulic conductivity found in triaxial samples were used (i.e., IO"3
cm/sec for control sand, IO'4 cm/sec for biobarrier sand). The equation predicted that
90% primary consolidation would occur in 0.3 seconds for control samples and 3.0
seconds for biofilm samples. From this result, it was decided that vertical displacement
data corresponding to primary consolidation would be recorded after five seconds.
Primary consolidation should be complete at five seconds and any difference between
biobarrier and control samples at this time would imply that biofilm was influencing mv.
Four tests were performed, two on biobarrier samples and two on control sand.
Stresses for the load steps ranged from 15 to 4500 kPa. The results of the tests are plotted
in Figure 4.1. The differences in the strains undergone in the initial load step were due to
differing amounts of displacement occurring in the oedometer apparatus prior to the load •
seating on the sample. Aside from the first step, the increments of strain undergone
during primary consolidation are almost identical for biofilm and control samples. This
implies that biofilm does not affect primary consolidation other than minor changes in the
time necessary for its completion.
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Figure 4.1 Results from primary consolidation tests

Secondary Compression

The objective of the secondary compression tests was to measure the plastic
deformation that occurs after pore pressures have equilibrated and primary consolidation
is complete. This time-dependent plastic deformation is known as creep. The rate at
which creep occurs influences the long-term settlement of sand under load. Figure 4.2 is a
plot of typical results obtained from a single load step. The linear increase of creep strain
with the log of time is typical of both biofilm and control samples at all stress levels.
Creep characteristics were quantified and compared by computing a creep slope.
Creep slope is defined as the slope of the best-fit line of vertical strain and natural log of
time data.
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Figure 4.2 Typical secondary compression data, 125 kPa load
For the majority of load steps the r2 of the best-fit line was greater than 0.95, confirming
that creep deformation was a logarithmic function of time.
Figure 4.3 is a plot of the average creep slope from repeated tests as a function of
vertical stress. From this plot it was concluded that biofilm accelerates creep. As the plot
shows, the creep slope for biofilm is, on average, three times that for control samples.
Although the exact mechanism of this accelerated creep is unclear, it seems likely that the
biofilm matrix reduces the coefficient of friction between sand grains. The only statement
that can be made with surety is this: Under long term stress, biofilm facilitates the gradual
reorientation of particles thereby accelerating the creep strain rate.
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Figure 4.3 Average creep slope for each load step
Figure 4.3 also indicates that creep slope increases with vertical stress. This
acceleration decreases logarithmically with increasing stress, as shown by the trend lines
in Figure 4.3. There was no means of measuring deviatoric or hydrostatic stress during
oedometer tests. Therefore, the stress path was unknown for oedometer loading. Because
the stress-state was unknown, creep properties could not be defined as a function of the
exact stress state, only of time.

Consolidated Drained Triaxial Tests

Consolidated drained triaxial tests were used to probe the strength and dilatancy
characteristics of the sand. Sand is an elastic-plastic material. When subjected to stresses
part of the deformation is recoverable and elastic and part is irrecoverable and plastic.
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Elastic and plastic properties required by the constitutive model calibrated in Chapter 5
were determined from the analysis of data obtained from consolidated drained triaxial
tests. The material parameters include:
1. Peak strength and associated failure surface.
2. Plastic flow rules that describe strain softening and volumetric behavior during
shear.
3. Elastic modulus and Poisson’s ratio.
Triaxial test results were analyzed using the stress invariants p and q defined by:
(4.6)

jy = G1+ 2g 3

(4 -7 )

<7

= a , - G3

where Gi is axial stress and Gg is confining stress. ^ is a measure of deviator stress and p
is a measure of mean stress. Plots of relevant data from each triaxial test are contained in
Appendix A.

Failure Surface
The failure surface is a line in p-q space that is used to define the maximum yield
strength of the material. For triaxial conditions, the surface is defined by the peak value
of q reached for each confining stress. Beyond this peak value dense sand undergoes
strain softening i.e., plastic strain indefinitely with constant or decreasing stress (see
figure 4.5).
The failure line was found by plotting the peak value of q and the associated value
of p on a p-q diagram. The failure line from four tests, two biobarrier and two control, is
plotted in Figure 4.4. Two assumptions were made defining the failure curve. The first

41

was that the sand had negligible cohesion, forcing the failure line through the origin of pq space. The second was that the failure surface was linear (Te., a linear relationship
exists between maximum deviatoric stress and confining stress). Therefore, the failure
surface is defined by the angle (3 between the line and the p axis. The results show that
no appreciable differences in ultimate strength are caused by biofilm. Therefore, a (3 of
61 degrees was calculated using a least-squares fit line passing through the origin. This
corresponds to a drained friction angle of 42 degrees.
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Figure 4.4 p-q diagram showing ultimate strengths, (3 and failure line

Strain Softening and Dilation
The behavior of dense F-110 Ottawa sand in triaxial shear can be described by the
achievement of a “critical state”. Critical state behavior is described in the following
analysis of the triaxial data.
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When a low-density sand sample is sheared, the value of q gradually increases to
a maximum or ultimate value. Concurrently as the stress is increased, the void ratio
approaches the critical void ratio. The critical void ratio is the void ratio (or specific
volume) at which continuous deformation occurs with no change in principle stress
difference (Casagrande, 1936). Dense sand typically dilates to reach the critical void
ratio. After peak strength is reached, dense samples exhibit strain softening. Strain
softening refers to the reduction in strength with the continued application of axial strain.
Softening occurs in concert with dilation until the critical void ratio is reached, after
which the material shears at a constant stress level. This ultimate condition, in which
plastic shearing continues indefinitely at constant volume and stress, is known as the
critical state (Wood 1990). Data from CD-CTC tests confirmed that dense F-110 Ottawa
sand exhibits typical behavior up to and including the critical state. Figure 4.5 illustrates
strain softening and dilation that occurred in a typical CD-CTC test.

Elastic Properties
For stress states that induce small strains, sand material behavior is approximately
elastic. In Figure 4.6, it can be seen that the initial portion of the stress path is nearly
linear, indicating elastic behavior of the material. The elastic modulus and Poisson’s ratio
were calculated from the data in this region.

Poisson’s Ratio
For triaxial conditions, Poisson’s ratio is the negative of the ratio between axial
and radial strain. Since volumetric and axial strain data were recorded during testing
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Figure 4.5 Strain softening and dilation in a CD-CTC test with 300 kPa confinement
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Figure 4.6 Deviator stress vs. axial strain showing initial elastic region in a CD-CTC test
with 300 kPa confinement
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radial strain was calculated using the relationship: €voi = Gaxiai + 2 e radial Data was
scattered with values ranging from .2 to .4. The average value for both biofilm and
typical control sand was .3. An important conclusion implied by this result is that the
Poissons’ ratio of the sand during triaxial shearing are unchanged by the presence of
biofilm.

Elastic Modulus
The elastic modulus approximates the initial slope of the deviator stress-axial
strain plot. Elastic modulus values were calculated by using a best-fit line of the five
initial data points and averaging the values of like tests. The modulus varied with mean
stress and was lower for biofilm samples, as shown in Figure 4.7. From this data, it
appears that the effect of biofilm may be confinement dependent, with a greater modulus
decrease at higher confining stress.
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Comparison of modulus data shows that biofilm decreased the elastic modulus for
these types of tests. The explanation for this lay in the accelerated creep exhibited when
biofilm is present. To allow for full drainage of pore water pressures, biofilm samples
were sheared at a displacement rate of 0.015 mm/minute. Control samples were sheared
at a displacement rate of 0.254 mm/minute. Consequently biofilm shear tests typically
took fourteen hours to achieve ultimate yield strength; control tests typically lasted for
less than one hour. Over the longer time period creep deformation was given time to
occur. Creep deformation resulted in a lower stress for the same axial strain during the
“elastic” portion of the shear tests. In fact, for biofilm samples behavior in this region
was not approximately elastic since significant plastic creep deformation was occurring.
A plot of the axial stress versus axial strain from CD-CTC tests with 300 kPa
confinement is shown in Figure 4,8. The lower initial modulus and larger axial strain at
peak strength for the biobarrier sample clearly indicate that creep has occurred during the
shearing process.
If the above argument were carried to its logical conclusion, biofilm populated
samples would also show a lower ultimate strength due to creep. The plots in Figure 4.8
clearly show that biofilm does not affect ultimate strength. In fact, as the sample
approaches failure, the effects of biofilm diminish and the stress-strain curves of biofilm
are nearly identical in shape. During shearing, as dilative and shear strains develop, the
accelerated creep effect gradually diminishes. As the material fails in shear, the sand and
biofilm matrix is sufficiently disturbed to the point that grain-to-grain friction is no
longer reduced.
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This behavior has an important implication for constitutive modeling: To
accurately simulate this behavior, a constitutive model must incorporate creep rate as a
function of plastic volumetric and shear strains.

Control
Biobarrier

Axial Strain
Figure 4.8 Axial stress versus strain curves showing reduced elastic modulus for
biobarriers in a CD-CTC test with 300 kPa confinement

Consolidated Undrained Triaxial Tests
To confirm that creep was responsible for the modulus reduction observed from
the drained tests, CU-CTC tests were performed at a confinement of 300 kPa. Because
the tests were undrained, a strain rate of 0.254 mm/minute was used for both biofilm and
control samples. The rapid strain rate minimized the time available for creep deformation
to develop. The results of the CU-CTC tests (Figure 4.9) reveal no discemable difference
in modulus values caused by biofilm. This confirms that creep effects were what caused
the lower modulus values for biofilm derived from the CD-CTC tests. Therefore, the
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modulus values for control sand from the CD-CTC tests were used in the constitutive
model for both biofilm and control sand material.

1600

Control
Biofilm

Axial Strain (Percent)
Figure 4.9 CU-CTC results at a 300 kPa confinement

Hydrostatic Compression Tests

The data generated from hydrostatic compression tests defined the relationship
between plastic volumetric strain (e^,) and confining stress. Plastic volumetric strain was
the irrecoverable volumetric strain measured after a sample was subjected to hydrostatic
stress, the stress lowered, then returned to its previous level. This relationship is known
as a hardening rule, meaning the material “hardens’ as hydrostatic stress increases.
Because it had been determined from triaxial testing that biofilm did not affect elastic and
plastic properties, hydrostatic tests were performed on control sand only. A plot of
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averaged plastic strains found in hydrostatic tests is shown in Figure 4.10. Note that no
observable plastic strains took place at stresses lower than 95 kPa, implying elastic
behavior in this region. The hardening rule is discussed in detail in Chapter 5.
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CHAPTER FIVE

CONSTITUTIVE, MODELING

Introduction

A constitutive model describes material behavior mathematically as a function of
stress-state and time. For the models of geotechnical structures described in Chapter 6 to
be meaningful, the equations that define the constitutive model must accurately predict
sand behavior. This chapter describes the selection of an appropriate constitutive model,
the mechanisms that the model uses to describe various aspects of material behavior, and
the process of calibrating parameters used by the model.
After considering the options available, the Drucker Prager Cap (DPC) model was
selected. The DPC describes the elastic and plastic behavior of sand as a function of
stress and time. This model describes important aspects of dense sand behavior including
strength, dilatancy, plastic compression, Creepj and critical state behavior. To calibrate
the model, oedometer and triaxial shear tests were simulated using ABAQUS and
compared to actual test results. The model parameters were adjusted by comparing model
and experimental results.
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Model Selection
Two criteria were considered in selecting an appropriate model. First and of most
importance, was the ability of the model to duplicate mechanical behavior under
monotonic loading. The properties of sand that such a model is based on are: I) elastic
properties 2) ultimate strength dependency on mean stress 3) critical state plastic strain
behavior 4) plastic compaction as a function of mean stress and 5) time dependent creep
deformation. The second criterion was the availability of the model in ABAQUS. Of the
models available in ABAQUS, the model that best duplicated sand behavior during
monotonic loading was the DPC model.

Drucker Prager Cap Model
Material behavior in the DPC is dependent on the stress-state and the passage of
time since loading. Stress dependency is described by functions that are defined in terms
of p and q. In p-q space, the model is composed of an elastic region bounded by a yield
surface. The yield surface and elastic region are illustrated in Figure 5.1. Material
behavior is perfectly elastic in the elastic region, plastic deformation occurs on the yield
surface.
The yield surface is composed of two stress dependent functions, the DruckerPrager line (DP line), and an elliptical cap. Both the position and shape of the cap change
with the state of stress, while the DP line remains fixed. The nature of the plastic
deformation occurring at a yield surface is determined by plastic hardening and flow
rules.
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Drucker Prager Line

Elastic Region

P
Figure 5.1 Drucker Prager Cap model; yield surfaces and elastic region
The DPC model also incorporates a description of creep behavior. In the model,
creep is a function of stress-state and time. Plastic deformation caused by creep occurs on
a creep yield surface and is described by a separate flow rule. The following sections
examine each of the mechanisms incorporated in the model in detail.

Hardening Rule
The hardening rule relates volumetric plastic strain behavior of the material to the
mean stress level. Hydrostatic compression tests were performed to probe this
relationship. The highest level of hydrostatic stress at which plastic volumetric strain data
was recorded was 650 kPa. No region of geotechnical structural models was subjected to
a mean stress level greater than 650 kPa; therefore, the hardening rule derived from
experimental data described the range of hardening behavior required.

52

The function that was used to define the hardening rule is an exponential best-fit
equation derived from the hydrostatic compression test data. It is of the form:
(5.1)

Pb=C\e

where Pb is the hydrostatic yield stress, c\ and C2 are constants, and

is the total plastic

volumetric strain. The values of c\ and c2 are 97.9 and 572.3 respectively. Figure 5.2
shows the interpolated hardening rule superimposed over experimental data. The
constitutive model solves equation 5.1 to compute volumetric plastic strain behavior as a
function of changes in mean stress level.
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Flow Rule
The magnitude of the plastic strains occurring during a particular stress increment
is dependent on the current state of stress. The flow rule describes the ratio between
increments of volumetric and deviatoric components of plastic strain caused by an
increment of volumetric and deviatoric stress. In general, flow rules are composed of
stress-state dependent functions that define flow potential surfaces to which vectors of
total plastic strain are normal. Flow rules are of two types, associated or non-associated.
Associated flow occurs when a flow potential surface is congruent with the yield surface.
Non-associated flow is characterized by flow potential surfaces and yield surfaces that
are not coincident. In the DPC model, flow is associated on the cap, and non-associated
on the DP line, as will be demonstrated. The DPC model creates non-associated flow
surfaces with a mapping function. The mapping function translates a point in stress space
on the current yield surface to a point on the flow potential surface.
Plastic strain vectors are the outward normals of flow potential surfaces. A plastic
strain vector ( Ss^ ) normal to the cap flow potential surface is illustrated in Figure 5.3.
The plastic strain vector is the sum of a volumetric (SE^ ), and a shear or deviatoric
component ( SEfj1). Positive volumetric components cause compaction, while negative
volumetric components cause dilation. Dilation is not possible as long as yield occurs
along the cap surface. Figure 5.3 illustrates associated flow where a stress path intersects
the yield and flow potential surfaces. A further increment of stress will cause plastic
deformation controlled by the plastic strain
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Cap Flow Potential Surface

Stress Path

Figure 5.3 Flow potential surface, plastic strain vector and components
vector

. The operation of the flow rules in the DPC model is discussed in detail later

in this chapter in the section titled “Overall Function of the Model”.

Yield Surfaces
The yield surfaces define states of stress where plastic deformation will occur.
There are two yield surfaces in the DPC model, the cap and the DPC line. Associated
with each yield surface is a set of flow rules defined by a flow potential surface that
describes plastic flow.

Cay
The cap is an elliptical yield surface that bounds the elastic region in hydrostatic
compression. For normally consolidated material the cap serves two purposes: I) it
provides a mechanism for plastic compaction that does not intersect the DP line and 2)
describes critical state behavior in conjunction with the DP yield surface and its
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corresponding non-associated flow potential surface. The position and shape of the cap
are dictated by the current state of stress according to the function:
(5.2)

Fc = ^ { p - p a)2 +(Rq)2 - ^ t a n p = O ,

where R is a material parameter that controls the eccentricity of the ellipse, 3 is the angle
between the DP line and the p axis, and p a is a defined by:
Pb- R
Pa=I + if tan P

(5.3)

and p a represents the mean stress when the cap intersects the DP line as illustrated in
Figure 5.4. Plastic flow is associated on the cap, therefore the flow potential surface Gc
(see figure 5.4) is congruent with the cap surface. R defines the shape of the cap and flow
potential surfaces, thereby controlling plastic behavior on the cap. Values of R can range
from zero, where the cap is a vertical straight line, to one, where the cap shape is circular.

Drucker Praser Failure Line
The DP line is a critical state line that marks the peak strength of the sand in
shear. The dependency of the peak strength on mean stress is controlled by the value of
the angle 3- The intermediate principal stress is not considered to affect the critical state
of the sand in compression, therefore the DP line is a cone in principal stress space.
At the critical state, sand fails deviatorically at nearly constant volume. To
duplicate this behavior, flow must be non-associated. The flow potential surface, Gs, for
the DP line is defined by:
(5.4)

G s

=VKp-^Jtanp]2+ q 2
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As shown in Figure 5.4, the elliptical flow potential surfaces Gc and Gs form a smooth
and continuous line in p-q space. How the flow potential surfaces function to duplicate
material behavior is described in the following section.

Plastic strain
vectors

Figure 5.4 Flow potential surfaces and plastic strain vectors

Overall Function of the Drucker Prager Cap Model
The function of the model is illustrated by examining the mechanisms used to
control plastic behavior. The following sections describe the operation of these
mechanisms during triaxial shearing and uniaxial compression in an oedometer. The
stress path induced by loading in an oedometer is known as a K0 stress path. For this
stress path, material behavior is characterized by plastic compaction. The triaxial stress
path is used to demonstrate how the model describes critical state behavior for both
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normally consolidated and heavily overconsolidated material. Normally consolidated
material has not been subjected to mean stress levels greater than the confining stress of
the triaxial test in question. Prior to triaxial shearing, heavily overconsolidated material
has been hardened by compressive stress such that the stress path does not intersect the
cap before intersecting the DP line.

Kn Stress Path
The ratio between horizontal effective stress (ah) and vertical effective stress (av)
for soil loaded in conditions where no lateral strain can occur is described by, K0: the
coefficient of earth pressure at rest. In equation form this is:

(5.5)

=^-

Geotechnical engineers commonly assume that K0 equals (l-simj)) where (|) is the soil’s
friction angle. This assumption leads to a K0 stress path that is predominantly hydrostatic.
K0describes the stress relationships in an oedometer, where lateral strains cannot occur.
Figure 5.5 illustrates the stress path in an oedometer as vertical stress is applied
incrementally. In this figure, a stress increment has already taken place, resulting in the
current cap position, and another load increment is taking place.
The hardening rule (Eqtt 5.1) describes the magnitude of the plastic volumetric
strain occurring in the next load increment. In this case, the positive direction of S spp1
indicates that the material is undergoing plastic compaction. The normal to the cap at the
existing stress point specifies the direction of the plastic potential b zp‘t .
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New Cap Position

K0 Stress Path

P
Figure 5.5 K0 stress path showing the plastic potential vector and it’s components
Consequently, the magnitude of dsj' can be found by vector subtraction. Once the load
increment is completed, the location and size of the cap are found by solving equations
5.2 and 5.3.
Triaxial Stress Path, Normally Consolidated Material
For a normally consolidated material, plastic behavior along a triaxial stress path
is governed by the associated flow rule of the cap, described above, until the stress-state
intersects the DP line. Figure 5.6 shows the stress state and flow potential surfaces for
axial strain increments A, B and C. After increment A, the stress-state lies on the cap
position labeled Gca. During increment B, the stress state increases and plastic
deformation is described by the plastic potential vector normal to the cap at Gca- Prior to
the start of increment C, the cap hardens to the position labeled Gcb in the manner
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described previously for the K0 stress path. Therefore, at the start of increment C, the
stress path intersects the cap, the DP line, and the non-associated flow potential surface
GsB simultaneously.

Triaxial Stress
Path
Figure 5.6 Triaxial stress path, normally consolidated material
The material has reached the critical state. Triaxial shearing now occurs at
constant volume and constant deviatoric stress level. The model describes the constant
stress behavior by allowing no increase in stress level beyond the DP line. The plastic
strain vector during increment C is purely deviatoric; therefore, the material shears at
constant volume and the cap does not change position during this increment. Increment C
then represents an increment of axial strain that results in an increment of deviatoric
strain only, as the stress-state remains constant. For all subsequent axial strain
increments, the cap position does not change, and the state of stress is fixed at the same
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point on the DP line. The volumetric and axial behavior of normally consolidated
material in triaxial shear as described by the DPC model is illustrated in Figure 5.7.

Critical
Void ratio

Figure 5.7 Axial and volumetric behavior of a normally consolidated DPC material in
triaxial shear
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Triaxial Stress Path, Heavily Overconsolidated Material
A heavily overconsolidated material has experienced a high enough level of
hydrostatic stress prior to shearing such that the triaxial stress path does not intersect the
cap prior to intersecting the DP line. In shear failure, overconsolidated material dilates
until a critical void ratio is reached, at which point shearing takes place at constant
volume and stress state.
A triaxial stress path intersecting the DP line in a heavily overconsolidated
material is illustrated in Figure 5.8. At all points on the stress path prior to this
intersection, material behavior is purely elastic. Once the DP line is reached, further
increments of axial strain application cause plastic yielding at a constant state of stress.

DP Line
Triaxial Stress Path

Figure 5.8 Initial stress increment, heavily consolidated material
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On the DP line, plastic behavior is described by the non-associated flow potential surface
Gs. When an additional increment of axial strain is applied to the material, the material
dilates. The increment of dilative volumetric strain is described by the magnitude of the
Ss^z shown in Figure 5.8. After the increment of dilation occurs, the hardening rule is
applied. The dilative component of plastic strain is added toe

, lowering the value of pi,

and softening both the cap and non-associated flow potential surfaces.
The softened positions of the flow potential surfaces and the plastic strain
potential vector for the next axial strain increment are illustrated in Figure 5.9. Because
of the softening of the non-associated flow potential surface, the plastic potential vector

DP Linej
Triaxial Stress Path

Figure 5.9 Second axial strain increment showing the softened cap position
now has a smaller dilative volumetric component. Subsequent axial strain increments will
cause dilation and further softening of the flow potential surfaces until the plastic strain
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potential vector is purely deviatoric. At this point, the material state is identical to that for
a normally consolidated material at peak strength (Figure 5.6). The model has described
how an overconsolidated material reaches the critical state by dilating to achieve the
critical void ratio. The volumetric and axial behavior of an overconsolidated material in
triaxial shear as described by the DPC model is illustrated in Figure 5.10.

Elastic
Region

Critical
Void Ratio

Figure 5.10 Axial and volumetric behavior of an overconsolidated DPC material in
triaxial shear

Creep Mechanism
If reasonable safety factors have been applied, the material under a monotonically
loaded geotechnical structure does not fail in shear. Therefore, the stress path induced by
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the loading does not intersect the DP line. The material behavior along such a stress path
is characterized by the plastic compaction mechanism described for the K0 stress path.
Therefore, it is reasonable to assume that the creep properties observed in oedometer
testing were representative of the creep that would occur in the material beneath such
geotechnical structures. Therefore, a creep mechanism active in the cap region of the
DPC model was utilized. In ABAQUS, this mechanism was called consolidation creep.
Plastic creep deformation is a function of time and stress in the consolidation
creep mechanism. Creep strain rate is dependent on the hydrostatic stress above a
threshold value of p a, with a smooth transition to the region where creep is not active
(p < p a) . The parameter used to control strain rate in the model is the effective creep
pressure ( p cr), where Pcr = P ~ Pa- Plastic creep flow is similar to associated plastic
flow on the cap. Incremental creep strain vectors are normal to a creep potential surface
defined by the function Gcr:
(5.6)
The creep potential surface is a similar ellipse that parallels the associated flow
potential surface of the cap. The magnitude of the creep strain vector for any time or
stress increment is governed by:
(5.7)
where 5sc,'is the creep strain rate, p cris the effective creep stress, and A, n, and m are
material parameters that control creep strain rate. Creep strain potential vectors and creep
potential surfaces are illustrated in Figure 5.11. The volumetric component of creep strain
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is added to the total volumetric plastic strain, thus influence the hardening or softening of
the cap.

Creep potential
Surfaces (Gcr)

Figure 5.11 Creep potential surfaces and vectors

Calibration

Twelve parameters define and control material behavior in the DPC model.
Calibration was the process that assigned each parameter a value to best duplicate
observed sand behavior. Initially, test data was analyzed to provide trial parameter
values. These values were input into finite element models that simulated oedometer and
triaxial tests.

Model behavior and actual test results were compared and analyzed.

Model parameters were then adjusted so that model and actual results best correlated.
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Parameters Calibrated Using Data from Consolidated Drained Triaxial Tests
The majority of the material parameter values were initially determined from the
analysis of data from consolidated drained triaxial tests on control sand. CD-CTC test
data was analyzed to quantify elastic properties and the angle (3, as discussed in Chapter
4. Data from the initial portion of CD-CTC tests was also used to estimate the value of
the shape parameter R as discussed below.
The DPC constitutive model used in ABAQUS did not allow the elastic modulus
to vary with mean stress. To calibrate the shape parameter R, it was necessary to
determine the amount of elastic volumetric strain that occurred during triaxial shearing.
To calculate the elastic volumetric strain, it was necessary to select an elastic modulus
value corresponding to a level of mean stress. Therefore, R was effectively a function of
the mean stress. Therefore, the elastic modulus had to be assigned a value prior to the
calibration process.
The most important factor in modulus selection was the accuracy of material
behavior in critical regions of the geotechnical structures analyzed (Chapter 6).
Specifically, the value of the elastic modulus had to correspond to a mean stress level in
the material that was most distorted by the loads applied by the structures modeled. The
mean stress under a one meter wide foundation loaded to 350 kPa for a purely elastic
material was determined analytically (this analysis is discussed in the verification section
of Chapter 6). From this analysis it was decided that a mean stress of 300 kPa
corresponding to an elastic modulus of 200 MPa would most accurately represent elastic
material properties of the material of concern in the foundation models. In the slope, the
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mean stress levels were calculated by applying gravitational load and assuming that
horizontal stress at depth was governed by the coefficient of earth pressure at rest. The
mean stress for the critical regions of the slope ranged from 75 to 200 kPa resulting in an
elastic modulus value of 75 MPa.
In triaxial shear, hydrostatic stress is continually increasing. Along a triaxial stress
path the cap hardens so that the cap and stress-state are always coincident until the DP
line is approached. This process is governed by the hardening rule and the two cap
equations:
(5.1)

P b = cIe
= P t-R
I + /? tan P

(5.3)

Fc = ^ i p - P a)2 +{Rq? - Rpa tanP = O

(p.z)

This system of equations was solved to obtain an initial value for i?. To ensure that the
stress points used in this analysis were on the cap, only the data points where the material
was compressing were used
To solve equation 5.1 forpt, the value of S^1 had to be determined by subtracting
•I
elastic volumetric strain from actual volumetric strain for each stress point. Elastic.
volumetric strain was calculated using the material laws governing elastic behavior.
Equations 5.2 and 5.3 were then combined and solved for R using iterative numerical
techniques on a spreadsheet.
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Triaxial Finite Element Model
A finite element model (FEM) of a CD-CTC triaxial shear test was constructed
using ABAQUS. Figure 5.12 illustrates the concepts incorporated in the model. The
model was composed of square, four noded, axisymmetric elements. A vertical line
through the center of the cylindrical sample is the axis of symmetry for the

Figure 5.12 Finite element model of triaxial shear
triaxial specimen. In the model, the axis of symmetry was the vertical boundary with the
constraints on motion in the x direction. Triaxial shearing was simulated in the model by
moving the upper boundary in the negative y direction until a total strain of 0.1 was
reached. Strain was applied at the same rate as that used for the CD-CTC tests. Confining
stress was applied in the model at the appropriate boundaries.
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The object of the calibration process using the triaxial model was to determine the
elastic and plastic parameters of the constitutive model. Initially, the constitutive model
was calibrated using data from the shearing of control sand samples at a confinement of
300 kPa. Data from control sand was used because it seemed probable that creep would
have insufficient time to influence behavior due to the rapid strain rate.
The orientation of the DP line needed little calibration. The value of 61 degrees
for 3 resulted in FEM peak strengths that closely duplicated experimental data. The value
of R was varied until a value of 0.6 was chosen as the number that optimized the
correspondence between model and experimental behavior. To verify that creep did not
significantly influence the values selected for R and 3, the final calibration runs included
the creep properties of control sand in the constitutive model. As expected, the inclusion
of creep had little influence on triaxial model behavior at the high strain rate used for
control sand CD-CTC tests.
After parameters were selected, the model was run with confinements of 300 and
600 kPa. The results are shown in Figures 5.13, 14, and 15 and illustrate the accuracy of
the model predictions for axial strain and axial stress behavior in triaxial shear prior to
reaching ultimate strength. After ultimate strength is reached, F-110 sand begins to strain
soften, a behavior that the DPC does not describe. As illustrated in Figure 5.13, the DPC
model does not describe the dilatant strains exhibited by the sand. Limitations of the DPC
model are described in a later section titled “Constitutive Model Limitations”.
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Figure 5.13 Axial stress versus axial strain, 300 kPa confinement
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Figure 5.14 Axial stress versus axial strain, 600 kPa confinement
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Experimental Data
FEM

Axial Strain
Figure 5.15 Volumetric strain vs. axial strain, 300 kPa confinement

Parameters Calibrated Using Pedometer Data
The parameters that control creep rate, A, m, and n, were calibrated using data
from oedometer testing. As discussed in Chapter 4, the creep slope increases with vertical
stress, although the nature of the function relating vertical stress and void ratio to creep
rate could not be ascertained. Therefore, a creep slope was selected which best
represented the creep behavior at vertical stress levels corresponding to the vertical stress
in critical regions of the geotechnical structures analyzed (Chapter 6).
The method used to select a representative creep slope was similar to that used to
select a representative elastic modulus. In this case, the value of the creep slope had to
correspond to a vertical stress level in the material most influenced by the infinite strip
foundation discussed in Chapter 6. From the same analytical analysis discussed
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previously, it was determined that a creep slope corresponding to a vertical stress of 200
kPa would most accurately represent the creep properties in the region immediately
below the foundation. Values of creep slope corresponding to this vertical stress level
were selected using Figure 4.3. The values selected were 6x10"5 /(In second) for biofilm
populated sand, and 17x10"5/ (In second) for control sand. The goal of the calibration
process was to arrive at values of A, m, and n, that duplicated these creep slopes in a
finite element model of an oedometer test.

Pedometer Finite Element Model
The finite element model used to duplicate conditions during an oedometer test is
similar to that used for triaxial tests. Figure 5.16 illustrates the concepts incorporated in
the model. The model was composed of square, four noded, axisymmetric elements. A
vertical line through the center of the cylindrical sample is the axis of symmetry for the
oedometer specimen. In the model, the axis of symmetry was the vertical axis. Loading in
the oedometer was simulated in the model by applying a vertical stress to the upper
boundary. Vertical stress

( cji )

was applied and deformation was measured over a ten year

period (3.2 x IO8 seconds). The enclosing ring of the oedometer is represented by
constraining the motion of the vertical boundaries in the x direction.
There were no initial values of the creep parameters available for use in the initial
calibration runs of the FEM. This is because the state of stress was unknown during the
oedometer loading process. Therefore, the calibration process for the creep parameters
relied heavily on trial and error.
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V V V V

Figure 5.16 Finite element model of oedometer conditions
The parameters A, m, and n appear in the equation governing the creep strain rate.
This equation is:

(5.7)

i r =A(J)J

In this equation, ^ is a scaling factor, m modifies the dependence of creep strain rate on
time, and n determines the influence of the mean stress level. Since ^ is a scaling factor
that influences only the magnitude of the creep strain, it was calibrated last. Initially, trial
and error were used to arrive at m and n values that resulted in a logarithmically
decreasing creep strain rate. The value of A was then calibrated so that model behavior
matched the target creep slope. Calibrated values for creep parameters were:
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Biofilm

Control

A

3.35xlO"5

1.3x10"5

m
m

0.084
-0.92

0.074
-0.92

Table 5.1 Creep parameters
Figures 5.17 and 5.18 show the results produced by the oedometer finite element model
after calibration was completed. Model results correlate well with experimental data for
a range of vertical stresses representative of values for the critical regions of the
geotechnical models.

0.000

FEM
Experimental Data
125 kPa

300 kPa
0.004
Time (Days)
Figure 5.17 Calibration results, control sand
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0.000

FEM
Experimental Data
125 kPa
0.002

0.003
0.004

300 kPa

0.005
0.006
Time (Days)
Figure 5.18 Calibration results, biobarrier sand

Constitutive Model Limitations
The DPC model was unable to duplicate some aspects of the mechanical behavior
of dense F-110 Ottawa sand. To ascertain the accuracy of finite element model behavior,
the shortcomings of the model had to be understood. The following sections describe
specific situations where the model mechanisms deviate from real material behavior and
the effect that this has on the geotechnical structural models discussed in Chapter 6.

Strain Softening
Dense sand undergoes strain-softening behavior when failing in shear, as
discussed in Chapter 4. The DPC model describes a material that does not soften,
reaching a peak axial stress that remains constant with the application of further axial
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strain. Strain softening and dilative behavior during a CD-CTC shear test at a
confinement of 300 kPa is plotted in Figure 5.19. As axial strain is applied to a sample,
the axial stress reaches a peak beyond which softening occurs until a constant ultimate
strength is achieved. The DPC model predicts behavior in the region of shear failure as
follows: I) as a triaxial stress path approaches the DP line, the axial stress increases until
a peak is reached at the intersection of the stress path and the DP line. 2) further
applications of axial strain do not change the state of stress from the peak value. This is
true for both the normally and overconsolidated cases.

*

.S

0.03

-c

lumeti

% 1100

0.04

900

13—

Axial Stress
Volumetric Strain "

Axial Strain
Figure 5.19 Strain softening and dilation during shear in a CD-CTC test with 300 kPa
confinement
This shortcoming of the constitutive model has no effect on the accuracy of the
structural models. None of the material in the models is loaded to the point of shear
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failure. Therefore, the inaccuracy of the model in describing post-peak strength behavior
has been reached is irrelevant.
Dilation
The dilative behavior observed in shear cannot be properly described by the DPC
model. Along a triaxial stress path, material governed by the DPC model will experience
plastic compression up to the point of intersection of the stress path and the DP line.
Plastic compression is always indicated because all plastic strain potential vectors
associated with the cap surface have a positive volumetric component. The model
predicts that dilative strains occur only when an overconsolidated material has achieved
peak strength' and experiences additional axial strains. In this case, dilation progresses
until the critical void ratio is reached. Conversely, the plot of volumetric data in Figure
5.19, clearly shows dilation commencing well before peak strength was reached. In fact,
compression occurred only at axial strains of less than one percent. It was impossible for
the DPC model to duplicate the volumetric behavior of dense Ottawa F-IlO sand.
The improper volumetric behavior described by the constitutive model has little
affect on the response of the geotechnical structures modeled. The DPC model faithfully
reproduces the axial stress and strain behavior seen in triaxial tests. More importantly, the
DPC model incorporating the creep behavior of control and biofilm populated sands
accurately modeled axial strains induced by the K0 stress paths of the oedometer tests.
Since the oedometer stress path is more representative of the stresses induced by the
geotechnical structures, it is reasonable to expect that the creep and plastic behavior
affecting structural performance is representative of reality. At the very least, the model
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results give a reasonable prediction for the increased degree of settlement and
deformation that can be expected when biofilm is introduced into a geotechnical
structure.
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CHAPTER SIX

FINITE ELEMENT MODELING

Introduction

Finite element models provided a theoretical method of evaluating the effects of
addition of biofilm. Models of two geotechnical structures, an infinite strip foundation
and a slope of infinite width, were formulated. Results from the finite element models for
the biobarrier and control cases were compared with each other and results calculated by
conventional methods to determine how the addition of biofilm affected structural
performance.
As discussed in Chapter 4, biofilm had no measurable effect on the strength,
elastic, or plastic material properties of the sand. Biofilm was found to accelerate creep
deformation. Consequently, the models were, analyzed to determine if additional
settlement caused by accelerated creep was of sufficient magnitude to affect structural
performance.
For the foundation model, additional displacements occurring under the centerline
of the foundation due to accelerated creep deformation were analyzed. To ascertain the
affects of differing geometry and loads, the foundation model was run with two
foundation widths subjected to two different loads.
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The slope was analyzed to determine whether additional settlement caused by
biobarrier insertion would affect the integrity of an existing impermeable liner. To
accomplish this, the relative displacements of points on the slope were measured after
biobarrier addition.
In general, validity of a finite element model is dependent on three factors: I) the
accuracy of the constitutive equations describing material behavior 2) the number, order
and geometry of the elements and 3) the simulation of loading and boundary conditions.
The first factor involving the constitutive model has been discussed in detail in Chapter 5.
The correctness of the loading, boundary conditions, and element composition of the
models is the subject of this chapter.

Infinite Strip Foundation

A model of an infinitely long strip foundation was constructed to assess the
effects of biofilm on its settlement characteristics. To assess behavioral changes on a
range of foundation conditions, two foundation widths were used. The settlement
behavior of each foundation width was examined at two load levels. To observe the
worst-case settlement, the biobarrier was assumed to occupy the entire soil mass beneath
the footing. This implied that the top of the water table was at ground surface. A diagram
detailing the geometry, boundary conditions, and loading of the model is shown in Figure
6. 1.
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Figure 6.1 Finite element model showing one-meter wide foundation loaded to 350 kPa
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Model Composition
Two aspects of the geometry of an infinite strip foundation were used to simplify
the formulation of the model.
1. An infinite strip foundation is symmetrical. Therefore, by placing a constraint
on horizontal displacement at the axis of symmetry, a model of half the
foundation exhibits behavior identical to that of the whole.
2. In a structure of infinite length, there can be no, strain along the axis parallel to
the foundation. The material is in a state of plane strain, allowing twodimensional plane strain elements to be used.
Figure 6.1 illustrates the dimensions and characteristics of the model in detail,
The model used infinite elements to create an infinite half space. These five noded, twodimensional, plane-strain elements simulated a fixed boundary at an infinite distance.
Rectangular quadratic elements cover the area in the immediate proximity of the footing.
These elements were eight-noded, two-dimensional, plane strain elements.

Model Loading
Two factors were considered in selecting the magnitude of the loads placed on
the foundation. First, there had to be sufficient settlement to clearly differentiate between
biobarrier and control sand behavior. The second was that the load had to be consistent
with that produced by a structure designed using generally accepted safety factors for
settlement and bearing capacity.
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The general bearing equation was used to determine the load relationship to the
ultimate failure load for the foundation. For an infinite strip foundation located at ground
surface the general bearing equation is:
(6.1)

Quit =Tl I bB N y

where quit is the ultimate bearing capacity, B is the foundation width, y* is the effective
unit weight of the sand, and Ny is the bearing capacity factor. The one-meter wide
foundation had an ultimate bearing capacity of 1100 kPa, the two-meter foundation 2200
kPa.
Foundation loads resulting in a vertical stress of 350 kPa and 200 kPa were used
to load the one-meter foundation. The model of a two-meter wide foundation was loaded
to 200 kPa. These loads had safety factors of approximately 3 and 5.5 respectively.
Sufficient settlement was caused to differentiate between the biobarrier and control cases.
Gravitational loading of the model was accomplished by applying a body force to
each element equivalent to the buoyant unit weight of sand. Initially the model was run
for a period of ten years. The results from this preliminary run showed that over 95% of
the displacement occurred within the first 100 days for both the biobarrier and control
cases. Results were subsequently obtained from model runs of 100 days duration.

Model Verification
The fundamental correctness of the geometry, element type, loading, and
boundary conditions of the FEM was checked by comparing model results with analytical
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solutions. When the model is composed of material with purely elastic properties, it is a
simulation of an infinite strip load on the surface of an elastic semi-infinite mass. In this

m Hn Hn ry w m

n r

rTTTZTTTTyi

Figure 6.2 Geometry and parameters used in analytical solutions
case the stress, strain, and displacement can be found analytically using the theory of
elasticity. The equations that govern vertical displacement, vertical stress, and horizontal
stress at depth below the centerline are presented below. The parameters and geometry
used in these equations are shown in Figure 6.2. Vertical displacement, A, is given by:
A = — —----- -{ (x -B )ln |x -6 |-(x + B )ln|x- B| + 26 In B
( 6 . 2)

where O/is vertical stress applied to the strip, v is Poisson’s ratio, E is the elastic modus,
and B is the width. Vertical stress below the centerline of the foundation, Ov, as a function
of depth is given by:

„
crv = — (or+ sin a )

(6.3)

a
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where the angle a is defined by the depth below centerline as illustrated in Figure 6.2.
Horizontal stress in the x direction below centerline, Ox, is given by:

(6.4)

o x = — (a-since)
a

while horizontal stress in the y direction below centerline,

O y,

is given by:

a v = — vet

(6.5)

*
Plots showing model generated and analytical solutions for vertical displacement,

vertical stress, and hydrostatic stress under a one-meter wide foundation loaded to 350
kPa are shown in figures 6.3 through 6.5. From these plots, it is clear that the basic model
geometry and boundary conditions provide accurate solutions.

FEM
Analytical Solution

Distance From Center of Foundation (meters)
Figure 6.3 FEM and analytical solutions for vertical displacement
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Figure 6.4 FEM and analytical solutions for vertical stress below centerline

FEM
Analytical Solution

S
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X

100

Depth Below Centerline (meters)

Figure 6.5 FEM and analytical solutions for hydrostatic stress below centerline
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Modeling Biobarrier Insertion
Aspects of the finite element code and constitutive model made it impossible to
simulate the injection of .biofilm into a pre-existing structure. Difficulties in modeling the
insertion of a biobarrier were due to incompatibility between the creep law in the
constitutive model and the value of total time during loading dictated by the finite
element code.
To simulate the injection of biofilm into an existing structure, the creep law
parameters A, m, and n can be changed from the values that describe creep in control sand
to those that describe creep in a biobarrier. This can be accomplished at any time during
the model run. When this is done, the accelerated creep strain rate is computed using the
total elapsed time. Because rate of creep decreases logarithmically as time progresses the
resulting creep strain rate is much smaller than might be expected. To accurately model
the insertion of a biobarrier, the creep strain rate would need to be computed as a function
of the time elapsed since the completion of biobarrier growth.
This limitation made it necessary to model the structures with the creep
characteristics of either biofilm or clean sand present from the initiation of loading.
Consequently, the quantitative results from the models showed the effects of a pre
existing biobarrier in the structure at the time of construction. Therefore, the displayed
results show more settlement than would be the case for a biobarrier introduced after
construction. However, it is probable that the given results provide a reasonably accurate
qualitative measure of the effects of biofilm injection on a pre-existing structure.
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Results
The FEM models were analyzed to determine the total amount of settlement and
the settlement due to creep that occurred over 100 days. A conventional method of
computing secondary compression suggested by Raymond and Walls (1976) and Mesri
and Godlewski (1977) was used to calculate expected settlements for the same
foundations. FEM and conventional results were then compared and analyzed.
FEM Results
The settlement rate and magnitude of the foundations decreased logarithmically
with time, as dictated by the creep law. A plot of vertical strain at ground surface at the
centerline of the one-meter wide foundation loaded to 350 kPa is illustrated in Figure 6.6.
The creep strain behavior observed for this case was typical of the behavior for all of the
0.0000

0.0005

Control

0.0010
g 0.0015
M 0.0020
>

0.0025
0.0030
0.0035

Biofilm
---- Total Strain
— Creep Strain

0.0040
Time (Days)
Figure 6.6 Creep and total strain development over time
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loading configurations, varying only in magnitude.
The displacement profiles of the ground surface at 100 days for each width and
loading are plotted in Figures 6.7-6.9.

------ Control
------ Biofilm

Distance From Center of Foundation (meters)
Figure 6.7 Total vertical displacement of a one-meter foundation under 200 kPa load
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-

20.0
Distance From Center o f Foundation (meters)

Figure 6.8 Total vertical displacement of a one-meter foundation under 350 kPa load

-

10.0

-------- Control
--------Biofilm

-15.0
Distance From Center o f Foundation (meters)

Figure 6.9 Total vertical displacement of a two-meter foundation under 200 kPa load
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Settlements Computed Using a Conventional Method
For comparison, the settlement occurring in the foundation FEM runs was
calculated using the method o f Mesri and Godlewski discussed in Chapter 2. The data
from the oedometer tests was analyzed to determine the secondary compression index for
each load step. Figure 6.10 is a plot o f the logarithmic best fit o f Ca values at each load
level. As expected, the plots o f Ca are identical to those for the creep slope (Figure 4.3).
2.5e-4
Biofilm
2.0e-4

1.5e-4

1.0e-4
Control
5.0e-5

Vertical Stress (kPa)
Figure 6.10 Ca values
Creep settlement for each foundation configuration was calculated as follows:
I. The material below the foundation was divided into 11 layers. These consisted o f
two layers 50 centimeters thick, immediately below the surface, and 9 layers o f
one-meter thickness.
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2. The vertical stress below the centerline for each case was calculated using the
analytical elastic solution. The vertical stress was plotted against depth, as in
Figure 6.5.
3. The average vertical stress for each layer was determined graphically. Using the
average vertical stress* a value of Ca was determined using Figure 6.10
4. Settlement in each layer was calculated using Equation 2.2. The settlements for all
layers were summed to obtain total overall settlement.

Comparative Analysis
FEM and conventional creep settlement values are displayed in tabular form in
Table 6.1.
Load
(kPa)
Control

Foundation
Width (m)

FEM TOTAL
SETTLEMENT
(mm)

I

14.3

I

18.7

8.7

10.7

I

5.1

0.4

2.1

I

7.5

2.8

9.9

2

11.1

2.9

2.4

2

14.2

5.9

10.2

CREEP SETTLEMENT
(mm)
FEM
Ca
3.3
2.9

350
Biofilm
Control
200
Biofilm
Control
200
Biofilm

Table 6.1 Foundation Settlements
FEM and conventional solutions differ in both magnitude and sensitivity to load.
The magnitude of creep settlement predicted by each method differs for each loading
configuration, with the Ca method generally predicting higher settlements for control
sand and the FEM predicting higher settlements for biobarriers. More importantly, the
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conventional method is much less sensitive to variations in load and foundation width
than the FEM.
Ca is a creep parameter determined from one-dimensional compression testing
under K0 conditions. Data from these tests was used to derive the relationship between Ca
and induced vertical stress shown in Figure 6.10. Loading a long strip foundation creates
a stress field that varies with depth and distance from foundation centerline. This stress
field causes creep strains to occur in both the vertical and horizontal directions. Allowing
material to deform in the horizontal direction results in a more accurate prediction of the
creep settlement in the vertical direction. The Ca method is applying a one-dimensional
creep parameter to determine creep behavior occurring in a plane-strain condition. The
insensitivity of the method to load changes in plane-strain conditions occurs because the
change in Ca with vertical stress changes is not large enough to account for the effect that
increased horizontal strains have on overall settlement. The Ca method is less sensitive to
variations in load and foundation width because the creep parameter is found using
boundary conditions that differ from the boundary conditions where the parameter is
applied.
The creep parameters in the DPC model were calibrated to duplicate the vertical
strain behavior as a function of time observed in one-dimensional consolidation tests. The
model provided a good simulation of the creep behavior observed under different vertical
stress levels. This indicated that the calibrated creep law was predicting creep behavior as
a function of the total state of stress. The FEM simulated the stress field caused by
foundation load in three dimensions. Therefore, creep strain behavior in the FEM was
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dictated by an accurate calculation of the total state of stress at each node. This is more
accurate than the vertical stress dependent predictions made using the Ca method.
The maximum additional settlement caused by biofilm predicted by the FEM was
approximately 5.4 mm. Additional settlements of this magnitude are unlikely to
compromise the function of a structure resting on the foundations analyzed. The figure of
5.4 mm is conservative, since bio film was present from the time of construction during
this analysis. As discussed previously in this chapter, biofilm injection into an existing
structure is certain to cause less settlement due to the creep strains that have taken place
in the clean sand prior to biofilm introduction.

Slope Model

A model was formulated to examine the effects of accelerated creep on a 2h: Iv
slope. The slope was 15 meters in height with an infinite width. No external loads were
placed on the slope; therefore, model deformations were caused solely by gravity.
Groundwater conditions consisted of a water table at a constant depth of five meters
below ground surface. The behavior of the model provides insights on regions where
biofilm induced creep causes increased displacements, and settlements in a slope. Since
analytical elastic solutions do not exist for this geometry, the basic composition and
loading of the model could not be verified. As with the foundation, results were obtained
from model runs of 100 days duration.

30 meters

20 meters

4

<A
D
L

Triangular Elements/
Figure 6 .1 1 Finite element model o f slope
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Model Composition, Loading, and Boundary Conditions
The dimensions and geometry of the model are shown in detail in Figure 6.11. The
model is composed of two-dimensional plane strain elements. Eight noded quadratic
elements were used in rectangular and trapezoidal regions. A triangular region was
occupied by six noded triangular elements.
Gravitational loading was applied to the slope by the same method used in the
foundation model. In this case, the water table was simulated by assigning buoyant unit
weight to the body force applied to elements below the water table and full unit weight
to elements above it. Since biobarriers only occur in an aqueous environment, only
elements below the water table had the accelerated creep due to biofilm for model runs
examining biobarrier effects.
The region encompassed by the model was much larger than just the region
around and under the slope. The fixed displacement boundaries at the sides and bottom
of the model were placed at a distance from the slope region to minimize boundary
effects.

Results and Analysis
The shape of the slope surface after 100 days of settlement is illustrated in
Figure 6.12. In this figure, displacements were multiplied by a factor of 100 so that
the shapes of the slope after settlement could be seen.

It can be clearly seen that

greater displacements occur in biobarrier sand than in control sand. Displacements
decreased with depth, with the greatest displacements occurring at the surface.The
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additional strains to which a liner on the surface would be subjected to because of
biobarrier addition were determined for each of the five segments shown in Figure
6.13.

Original Shape
3.3 cm
,1.9cm

''

.

'

-

■

:

■

-

'

■

Figure 6.12 Magnified slope displacements
To accomplish this, the length of each segment was calculated after slopes composed of
control and biobarrier sand had settled for 100 days.

The control sand results were

used as base lengths; the additional strains undergone by each segment to achieve the
biofilm result were calculated. These strains are shown in Table 6.2.
Segment
Percent Strain
1-2
0.073
2-3
0.026
0.001
3-4
0.006
4-5
Table 6.2 Strains for portions of the slope surface
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©

16.8 m

16.8 m

Figure 6.13 Slope segments analyzed for differential strain
The strains in all segments are compressive and of very small magnitude.
Compressive strains will not cause the failure of a geosynthetic liner. The integrity of a
clay liner is unlikely to be compromised when subjected to compressive strains of this
magnitude.
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CHAPTER SEVEN

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER
RESEARCH
Summary and Conclusions

The research program described in this thesis represents an initial investigation of
the influence of microbial growth on the mechanical behavior of a soil. The work was
divided into three parts: I) testing soil samples containing biobarriers 2) calibrating a
constitutive model to describe the behavior of control and biofilm populated sand, and 3)
constructing finite element models to provide insight on the possible affects of
accelerated creep on existing geotechnical structures.
During the testing phase of the research, equipment was designed and fabricated
with which to test biofilm populated sand samples. An inoculation and growth regime
used previously at the Center for Biofilm Engineering to grow mesoscale biobarriers was
adapted to prepare biofilm populated samples for triaxial and oedometer testing.
Biobarrier samples exhibiting hydraulic conductivity reductions of approximately one
order of magnitude were grown successfully in sand with 100% relative density.
Attempts to grow and test biofilm populated samples of lower relative density were
largely unsuccessful due to sloughing caused by hydrodynamic shock.
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The testing program consisted of a battery of CD-CTC and CU-CTC triaxial
tests, primary consolidation tests,, and secondary compression tests. From the data
obtained, it was determined that biofilm had little or no effect on some aspects of sand
behavior including ultimate shear strength, dilatational behavior in shear, and primary
consolidation parameters. Secondary compression tests revealed that addition of b i o f i l m
the sand to deform more rapidly over time. Evidence of this accelerated creep component
was also seen in data from CD-CTC tests in the form of a reduced-initial elastic modulus.
Accelerated creep was the only significant change in material behavior caused by biofilm
found in this research.
As a prerequisite to constructing finite element models of geotechnical structures,
a visco-elastic-plastic constitutive model was used to describe the behavior of both
control and biofilm populated sand. Specifically, the constitutive model was a Drucker
Prager cap model that incorporated an integrated stress-strain-time function describing
time dependent creep behavior. Finite element models duplicating the loading and
boundary conditions of triaxial and secondary tests were used to calibrate the constitutive
model. After calibration, the model proved successful in modeling sand behavior in one
dimensional compression. The model also accurately described peak strength and axial
strain behavior in triaxial shear. The model was not capable of duplicating the strain
softening and dilative behavior occurring during and after peak strength was achieved in
triaxial shear. Despite these shortcomings, it was felt that the constitutive model could be
used to provide a good indication of the behavior of sand subjected to monotonic loads
that did not cause shear failure.
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.Finite element models of an infinitely long strip foundation and a slope of infinite
width were constructed to analyze the effects of accelerated creep. The slope model Was
analyzed to determine if additional settlement caused by biobarrier insertion could affect
the integrity of an in place impermeable liner. Three different configurations of
foundation width and loading were analyzed to determine if biofilm addition caused
excessive additional settlement. For comparative purposes, the settlement of the
foundation models was also analyzed using a conventional creep settlement technique. It
was concluded that the FEM results were more accurate because of the three dimensional
stress-state computations inherent to the finite element method.
The results from both the slope and foundation finite element models showed that
the addition of biofilm would have negligible structural effects.

Recommendations for Further Research

The following sections contain suggestions for further research in each of the
three main subject areas of this thesis, testing, constitutive modeling, and finite element
modeling.
I
Sample Preparation and Testing
To date, large-scale biobarriers grown in the laboratory have been grown in sand
with greater than 90 % relative density. Prior to the experiments conducted in this study,
no attempts had been made to grow biobarriers in lower density sand. In this research,
two out of six attempts to grow biobarriers in 65% relative density triaxial samples were
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successful. Consequently, it is not known whether biobarriers can be grown in lower
density materials reliably. If it is proven that biobarriers can be effective in low density
sands, further research is necessary to determine the mechanical effects of biofilm on this
material.
As discussed in Chapter 3, lower density triaxial samples are susceptible to
sloughing caused by chemical and mechanical shocks. An approach that may show
promise is to maintain a constant nutrient flow driven by the lowest hydraulic gradient
that will maintain flow. To achieve this goal the porous stones would have to remain free
of biofouling. The technique used in this research was to replace the fouled porous stones
with fresh ones. During this process, nutrient flow had to be cut off through the samples.
It is likely that sloughing resulted from the cessation and resumption of flow when the
stones were exchanged. One way to eliminate this problem would be to prevent biofilm
adhesion and growth to the pores in the stones. As of this writing, there is no known
method for ensuring that this does not occur.
Ideally, the mechanical properties of any sample are homogenous throughout the
sample. The facultative bacteria that form biobarriers exhibit different modes of growth
and metabolism in aerobic and anaerobic environments. This results in anaerobic and
aerobic growth occurring simultaneously in different regions of the sample. It is not
known if the different metabolisms cause significant differences in the mechanical
behavior of the sand. As a first step, experiments should be conducted to determine the
microbial and polymer structures in aerobic and anaerobic pore space environments. If
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the microbial structures vary markedly, further research to determine the differences in
mechanical properties caused by both types of metabolism may be warranted.
Consolidated drained triaxial tests on biobarrier samples ran for over twelve
hours. It is possible that during the period of the test, the biofilm/sand matrix changed
sufficiently to affect the mechanical properties of the sand. This could be verified by
microscopic and biochemical analysis of the biofilm matrix in samples deprived of
nutrient flow for the same period as the consolidated drained tests.

Constitutive Modeling
The DPC cap model used in this research was calibrated to satisfactorily model
material behavior in the K0 strain condition under uniaxial loads that did not produce
shear failure. Calibration of the constitutive model to simulate a narrow range of
conditions limits the loading level and type of geotechnical structures that can be studied.
Further work is necessary in order to model the more complex aspects of sand behavior.
If this is done, a variety of strain and loading conditions in geotechnical structures could
be studied using finite element models. The following paragraphs provide suggestions for
expanding the capabilities of a constitutive model for sand.
To model geotechnical structures containing material subject to shear failure, a
more accurate constitutive model is needed. In particular, the model must incorporate an
accurate description of the dilative and strain softening properties of dense sand as
approaches the critical state. Data from the triaxial tests conducted in this research could
be used to calibrate such a constitutive model.
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Evidence that biofilm induces accelerated creep during triaxial shearing was
presented in Chapter 4. The formulation of a constitutive law describing creep behavior
induced when the state of stress is closely proximate to the shear yield surface could be
formulated to model these effects. Of particular interest to such research is the
relationship between biofilm induced creep and plastic shear strains postulated in Chapter
4. CD-CTC tests where the load is held constant while creep strains develop could be
used to determine creep behavior in shear.

Elastic and Plastic Parameters
As noted in Chapter 5, the elastic modulus and the cap shape parameter R, are
dependent on the mean stress level of the material. The finite element code used in this
research did not define these parameters as functions of the state of stress. Further
research using a finite element code that defines material parameters as functions of the
state of stress would more accurately model material response in all regions of a
structural model.

Creep in Compression
The creep properties of sand have been shown to be a function of the stress state
and the time elapsed after loading. As stated in Chapter 4, it seems probable that creep
characteristics differ with changes in void ratio. There was also evidence that creep
occurring in triaxial shear tests of biofilm populated samples was affected by the amount
of plastic shear strains present. To define a more comprehensive creep law incorporating
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these parameters, more testing is needed. The following discussion contains suggestions
for the methodology of such testing.
The relationships that form the basis for a constitutive law governing creep
behavior along stress paths that do not approach failure in shear can best be found from
hydrostatic compression tests. Measuring creep by subjecting samples to hydrostatic
compression has two advantages over the oedometer testing used in this research. First,
during a hydrostatic compression test the state of stress is known at all times. Second, the
initial void ratio of the samples could be chosen by the researcher, not dictated by the
final void ratio of the previous load step as it is in an oedometer test. Data obtained from
hydrostatic creep testing would serve to quantify the relationship between creep strain
rates, void ratio, and hydrostatic stress.
Because volumetric creep strains occurring in a triaxial sample of conventional
size are small, the testing apparatus used for such tests must be suitably designed. The
apparatus must have both a sensitive volumetric measuring apparatus and the ability to
maintain the confining pressure steady within a very small range. The equipment will
have to be protected from unwanted volume and pressure changes caused by ambient
temperature fluctuations.

Finite Element Modeling
The use of a finite element code that can model the insertion of biofilm into an
existing structure would give a more accurate indication of the effects of biobarrier
growth. The stress relaxation that occurred in the clean sand prior to biofilm insertion due
to creep would influence the state of stress existing at the start of biobarrier insertion.
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Therefore, the pre-existing creep strains would affect the magnitude of the creep strains
occurring after biofilm injection, giving an accurate indication.of thp effect of biofilm on
settlement.
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APPENDIX
EXPERIMENTAL RESULTS
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Figure Al Grain size distribution of F-110 Ottawa sand

Axial Strain (%)

Figure A l Axial strain vs. deviator stress, 100% relative density control sand, 50 kPa
confinement, CD-CTC tests
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Axial Strain (%)

Figure A3 Axial strain vs. volumetric strain, 100% relative density control sand, 50 kPa
confinement, CD-CTC tests

Axial Strain (%)

Figure A4 Axial strain vs. deviator stress, 100% relative density biobarrier sand, 50 kPa
confinement, CD-CTC tests
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Axial Strain (%)

Figure AS Axial strain vs. volumetric strain, 100% relative density barrier sand, 50
kPa confinement, CD-CTC test

Axial Strain (%)

Figure A6 Axial strain vs. deviator stress, 100% relative density control sand, 300 kPa
confinement, CD-CTC tests
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Axial Strain (%)

Figure A7 Axial strain vs. volumetric strain, 100% relative density control sand, 300
kPa confinement, CD-CTC tests

Axial Strain (%)

Figure AS Axial strain vs. deviator stress, 100% relative density biobarrier sand, 300
kPa confinement, CD-CTC tests
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Axial Strain (%)

Figure A9 Axial strain vs. volumetric strain, 100% relative density biobarrier sand,
300 kPa confinement, CD-CTC tests

Axial Strain (%)

Figure AlO Axial strain vs. deviator stress, 100% relative density control sand, 600
kPa confinement, CD-CTC tests
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Axial Strain (%)

Figure Al I Axial strain vs. volumetric strain, 100% relative density control sand, 600
kPa confinement, CD-CTC tests

Axial Strain (%)

Figure A l2 Axial strain vs. deviator stress, 100% relative density biobarrier sand, 600
kPa confinement, CD-CTC tests
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Axial Strain (%)

Figure A13 Axial strain vs. volumetric strain, 100% relative density biobarrier sand,
600 RPa confinement, CD-CTC tests

Axial Strain (%)

Figure AM Axial strain vs. deviator stress, 100% relative density control sand,
300 kPa confinement, CU-CTC tests
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Axial Strain (%)

Figure A15 Axial strain vs. pore pressure, 100% relative density control sand,
300 kPa confinement, CU-CTC tests

Axial Strain (%)

Figure A16 Axial strain vs. deviator stress, 100% relative density biobarrier sand,
300 kPa confinement, CU-CTC tests
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Axial Strain (%)

Figure A l9 Axial strain vs. deviator stress, 65% relative density biobarrier sand,
50 kPa confinement, CD-CTC test

Axial Strain (%)

Figure A20 Axial strain vs. volumetric strain, 65% relative density biobarrier sand,
50 kPa confinement, CD-CTC test
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Axial Strain (%)

Figure A21 Axial strain vs. deviator stress, 65% relative density control sand,50 kPa
confinement, CD-CTC test

Axial Strain (%)

Figure A22 Axial strain vs. pore pressure, 65% relative density control sand, 50 kPa
confinement, CD-CTC test
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Axial Strain (%)

Figure A23 Axial strain vs. deviator stress, 65% relative biobarrier control sand,
300 kPa confinement, CD-CTC test

Axial Strain (%)

Figure A24 Axial strain vs. volumetric strain, 65% relative density biobarrier sand,
300 kPa confinement, CD-CTC test
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Axial Strain (%)

Figure A25 Axial strain vs. deviator stress, 65% relative density control sand, 300 kPa
confinement, CD-CTC test

Axial Strain (%)

Figure A26 Axial strain vs. volumetric strain, 65% relative density control sand,
300 kPa confinement, CD-CTC test
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