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Abstract
A newly designed and developed triaxial permeameter is presented, along with results from a
series of commissioning tests for drained and undrained compression on uniformly graded Fraser
River sand. Results are compared to previous studies on Fraser River sand, with generally
excellent agreement. The commissioning test series verify that the newly developed device is
generating accurate and repeatable results.
An experimental study was undertaken, using the triaxial device, to improve the understanding
of the mechanics of gap-graded sandy soil. A new sand, Bennett South Moraine (BSM) sand,
sampled from the borrow source of the WAC Bennett Dam, is introduced. The effects of
reconstitution method, density, and gradation on shear response are examined within a critical
state framework for gap-graded BSM sand in drained triaxial compression tests. The critical state
of gap-gradations of BSM sand is found independent of reconstitution method and initial void
ratio. The strength and void ratio at the critical state are dependent on the finer fraction content,
as well as the size ratio of fine to coarse component in a gap-gradation. The findings are
attributed to differences in packing characteristics and the relative contribution of each
component fraction during shear. The Muir Wood grading state index is examined as a candidate
parameter to quantify a change in the critical state with change in gradation, with promising
results.

iii

Lay Summary
The WAC Bennett dam is an extreme consequence, zoned embankment dam in northeastern BC.
In 1996, two sinkholes were discovered within the dam. The sinkholes are believed to be
partially caused by water seeping from the reservoir to erode, with time, fractions of soil in the
embankment dam; a phenomenon termed internal erosion. The current state of practice relies
heavily on empiricism to assess the susceptibility of soil mixtures to internal erosion. A
mechanics-based understanding of the phenomenon is needed. A new test device with which to
accomplish this has recently been designed, developed and commissioned at UBC. This thesis
details an experimental program undertaken to characterize strength parameters of soil mixtures
of WAC Bennett Dam borrow source material believed susceptible to internal erosion. The
results form a database with which tests on eroded soil can be compared to characterize how
strength parameters are changed by internal erosion.
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Preface
o QicPic data in Chapter 3, Table 3.1 were acquired by Dr. Jonathan Fannin, in
collaboration with the research team of Dr. Catherine O’Sullivan at Imperial College
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Chapter 1: Introduction
The WAC Bennett Dam, located on the Peace River in northeastern BC, is one of the largest
zoned embankment dams in the world. In 1996, two sinkholes were discovered within the core of
the dam. The sinkholes are thought to be caused in part by finer fraction migration due to internal
instability (Stewart and Garner 2000), a phenomenon whereby seepage flow removes a finer
fraction of the soil gradation.
Empirical methods provide a means to assess the susceptibility of a zoned gradation to erosion
by internal instability. The empirical methods, whilst useful as a screening-tool, are not a
substitute for a physically-based analytical model of soil behavior. Accordingly, there is need to
develop a mechanics-based understanding of seepage-induced internal instability.
Critical state soil mechanics (Schofield and Wroth 1968) has successfully been used in the world
of liquefaction as a mechanics based modelling framework. The critical state is defined as the
ultimate condition of “all distortional processes in soil” where the soil “deforms without limit at
constant stress and constant void ratio” (Jefferies 1993). Critical state constitutive modelling
approaches have been proposed by Muir Wood et al. (2010) and Hicher (2013) to model the
change in mechanical properties of soil with progressive loss of its finer fraction. Muir Wood et
al. (2010) acknowledged the need for experimental data to validate the approach.
The critical state is well studied for uniformly graded sands susceptible to liquefaction (e.g.
Verdugo and Ishihara 1996, Been et al. 1991, Azeiteiro et al. 2017). Fewer studies have been
performed on gap-graded sand or sand-silt mixtures (e.g. Zlatović and Ishihara 1995, Murthy et
al. 2007, Thevanayagam et al. 2002). Very few studies have been performed on gap-gradations
susceptible to internal instability, with comparison between eroded and uneroded material (e.g.
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Ouyang and Takahashi 2016). A comprehensive characterization of uneroded and eroded
materials within a critical state framework is a potential method to develop a mechanics based
understanding of the mechanical consequences of internal erosion.
Internal instability has been found to be an issue within the body and foundation of embankment
dams (USBR-USACE 2019). The Coursier dam, near Revelstoke, BC, was decommissioned in
2003 due in part to several sinkholes thought to be caused by internal instability within a gapgraded fluvial foundation unit (Crawford-Flett 2014). The compacted fill of the body, and fluvial
units within the foundation of an embankment dam have differences in fabric and structure.
Fabric is well studied for uniformly graded sands (e.g. Oda 1972, Oda et al. 1978, Mulilis et al.
1975, Vaid et al. 1999), however little has been done for gap-gradations.
Initiation of internal erosion is thought to be dependent on a combination of stress, hydraulic
load and material susceptibility (Garner and Fannin 2010). The microstructure and fabric of a
material partially controls its susceptibility to internal instability. For binary mixtures of coarse
and fine granular material, particle packing characteristics vary with percentage finer fraction
content and size disparity between coarse and fine components (Thevanayagam et al. 2002, Lade
et al. 1998, Shire et al. 2016). These test variables have important micromechanical implications
regarding force chain contributions of different components and potential susceptibility to
internal instability (Shire et al. 2016, Slangen 2015). It is important to understand how varying
these parameters also affects the shear response of gap-graded materials.
The primary motivator for the current research is the Bennett dam, specifically the transition
zone of the Bennett Dam, which is believed susceptible to internal instability (Stewart and
Garner 2000). The transition zone of the dam is immediately downstream of the core of the dam.
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Finer fraction migration within the transition zone of the dam has the potential to result in
incompatibilities with the core, and thus a potential for mass loss and movement between zones.
The current research is intended to establish a database of triaxial tests on uneroded gapgradations of Bennett material believed potentially susceptible to internal instability. The
findings provide a base case with which to compare shear data on eroded material in subsequent
studies. In conjunction with this overarching goal, the objectives of the current study are to:
I.
II.

Commission a new triaxial permeameter, designed and built at UBC
Characterize a new sand, Bennett South Moraine sand, within a critical state framework
and benchmark it against other previously established materials.

III.

Examine differences in response due to differences in initial fabric arising from different
methods of reconstitution.

IV.

Test the uniqueness of the critical state in triaxial compression for gap-graded Bennett
South Moraine sand with respect to initial void ratio and reconstitution method.

V.
VI.

Examine how variations in microstructure affect critical state parameters
Examine modelling approaches to quantitatively describe changes in the critical state
with changes in gradation
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Chapter 2: Literature review
This chapter summarizes the current body of knowledge pertinent to the present study.
2.1
2.1.1

Internal erosion incidents in embankment dams
The W.A.C. Bennett Dam

The Bennett Dam is a zoned embankment dam located on the Peace River in northeastern BC,
near the town of Hudson’s Hope, BC. Upon completion of construction in 1967 it was the
highest zoned embankment dam in the world, and is classified as an extreme consequence dam.
The dam impounds the 360 km long Williston reservoir, one of the largest in North America
(Stewart and Watts 2000).
The dam contains a large, central, non-plastic silty-sand core. Downstream and adjacent to the
core is a gravelly-sand transition zone, followed by a sandy-gravel filter, and gravel drainage
units (chimney and blanket drains) (Figure 2.1). The dam foundation consists of interlayered
sandstone and shale bedrock units, and a grout curtain extends below the core into the bedrock
foundation. The Dam was built primarily from a nearby moraine deposit, believed to be glaciofluvial in origin (Morgan and Harris 1967).
It was noted prior to construction that the moraine material used in the body of the dam had a
tendency for particle deficiencies within certain size ranges. These deficiencies were one of the
reasons the moraine deposit was thought to be glacio-fluvial in nature, as this was thought to be a
characteristic of fluvial deposits (Morgan and Harris 1967). Difficulties placing material without
segregation were reported at the time of construction (Low and Lyell 1967). Quality control of
construction relied on method specifications. Mechanical sieving was performed on grab samples
of processed material and results were relayed back to the blending facility to make necessary
adjustments to prevent excessive placement of inadequate material; nevertheless material was
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still being placed at record rates of approximately 6,000 cubic yards per hour, 24 hours a day
(Low and Lyell 1967). Construction records indicate that the average placed gradation of the
transition zone appears to be gap-graded (Low and Lyell 1967).
2.1.1.1

Historical performance monitoring

The performance of the WAC Bennett dam has, since first-filling in 1968, been monitored with
reference to time-series measurements that include seepage flow, and pore water pressure
(Stewart and Garner 2000). Seepage flow is measured at several weir locations. Weir flows vary
annually and, with correction for the annual melt of snow cover on the embankment, exhibit a
trend that is believed to correlate reasonably well with elevation of the reservoir surface (Garner
2019).
Pore water pressure is measured at several instrument-planes in the core of the dam. Piezometric
levels rose steadily after first-filling to yield measured values that were considerably greater than
expected values. The pressures peaked between 1974 and 1984, proceeded by a gradual decline
towards anticipated values for steady state seepage (Stewart and Garner 2000). The development
of the elevated pore water pressures in the core is attributed to impeded seepage flow through the
dam. Hypotheses for the high pressures included air occlusion theory, hydraulic fracture in the
vicinity of instrumentation, clogging at the core-transition interface, and finer fraction migration
from the core into the transition zone (Stewart and Imrie 1993).
2.1.1.2

1996 Sinkhole incident

In 1996, two sinkholes were discovered in the core of the Bennett Dam (Figure 2.2). The
sinkholes formed adjacent to two buried survey benchmark tubes, the existence of which were
previously unknown. An extensive program of field and laboratory testing was performed to
characterize the sinkholes. Through subsequent characterization of Sinkhole 1, it was determined
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that there was a 2.5 meter diameter zone of highly disturbed core material immediately adjacent
to the benchmark tube, surrounded by a larger 6-8 meter diameter zone of moderately disturbed
material to depths of around 80 meters. The disturbed zones had been supported by arching of
unsaturated material above the phreatic line in the dam (Watts et al. 2000). The volumes of grout
needed during compaction grouting to remediate the sinkhole provided indirect evidence of a
“cavity-like feature” at a depth of 103 meters within the dam (Watts et al. 2000).
The program of field and laboratory testing led to the conclusion that “most of the inner
disturbed material [was] at the critical state, although there [were] substantial local density
variations, both contractive and dilatant, around this trend” (Watts et al. 2000). Collapse due to
wetting settlement was investigated as a potential mechanism to have caused the sinkhole. The
magnitude of the volume change, however, could not be explained by wetting settlement alone,
and it was concluded that there must have been a loss of material due to internal erosion (Watts
et al. 2000). Field testing revealed zones of fines deficient core material and zones of enhanced
fines contents within the downstream transition, providing evidence of finer fraction migration
from the core into the transition zone of the dam. Finer fraction migration into the transition zone
supported pre-sinkhole hypotheses regarding high pore-water pressures; thought to be partially
caused by low permeability zones within the gravelly-sand transition zone (Stewart and Garner
2000).
Historically, high pore-water pressures within the core of the Dam yielded large hydraulic
gradients near its downstream face at the core-transition interface (Sobkowicz et al. 2000).
Historical gradation data of the transition zone show that it is likely susceptible to internal
instability. Finer fraction migration from the core was thought be a consequence of changes in
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the gradation of the transition zone due to internal instability, thus resulting in filter
incompatibility with the core (Stewart and Garner 2000).
It was hypothesized that additional finer fraction migration from the core had occurred through a
splitter dike at the base of the Dam near to the sinkholes. The dike, built from sand and gravel
shell material, had a similar gradation to the transition material and was thought to be internally
unstable (Stewart and Garner 2000). The dike was originally filter compatible with the core
material, but filter incompatible with the coarse drain material at its downstream face (Stewart
and Garner 2000). As the finer fraction of the dike material was progressively lost through the
drain, it became filter incompatible with the core, potentially leading to finer fraction migration
through the dike. This hypotheses is supported by nearby weir data, which recorded higher than
expected flow rates whenever the reservoir level was above a certain elevation. After
remediation of the sinkhole by compaction grouting, a marked decrease in flow rate was
observed at this weir (Stewart and Garner 2000).
In 2000 it was believed that the risk of internal erosion within the dam would decrease as pore
water pressures within the dam continued to decrease towards steady state values associated with
saturated seepage flow (Stewart and Garner 2000).
2.1.2

Coursier Dam

The Coursier Dam was a 685 meter long zoned embankment dam used as a water storage facility
for BC Hydro’s Walter Hardman generating station in Southeastern BC, near the city of
Revelstoke. The Dam was built with an upstream, thin sloping clayey silt core with a cutoff
trench extending into foundation soils, which consisted of sequences of glacial, glacio-fluvial
and alluvial deposits (Crawford-Flett 2014). The dam was built to an original height of 12 meters
in 1963, and raised to 19 meters in 1969 for additional storage capacity. The dam had a long
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history of dam safety incidents and remediation due to piping and sinkholes from the time of its
construction until its decommissioning in 2003 (Garner et al. 2004).
In 1992-1993, a prominent sinkhole was discovered in the upstream face of the central region of
the dam. The reservoir was drawn down, and during subsequent investigation revealed three
additional sinkholes in the vicinity of the original sinkhole. It was concluded that the likely cause
of the sinkholes was due to filter incompatibility between the clayey silt-core and predominately
coarse grained foundation soils, which resembled a buried channel in the vicinity of the
sinkholes (Crawford-Flett 2014). Remedial actions included the excavation of a cutoff trench and
installation of a geomembrane along the upstream slope of the dam.
Upon refilling the reservoir to operating level, additional piping was discovered, and the
reservoir was again drawn down. Subsequent investigation found additional sinkholes in the
dam’s left abutment, 100 meters upstream of the dam (Garner et al. 2004). Due to the inability
to mitigate risks associated with potential subsidence and overtopping of the dam, no further
remedial actions were taken and the dam was decommissioned in 2003 (Figure 2.3).
Forensic analysis by Crawford-Flett (2014) concluded that the alluvial foundation soil stratum
underlying surface expressions of the sinkholes was susceptible to internal instability. Likely the
buried channel feature had originated as a different material, however progressive erosion of its
finer fraction had yielded a predominately coarse grained foundation unit, which was
incompatible with the dam core.
The Coursier dam is an example where internal erosion incidents were primarily due to
instability of foundation soils. In a recent inventory of internal erosion incidents in dams, the
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U.S. Bureau of Reclamation concluded that internal erosion due to internal instability was more
common within the foundation of dams than the main body (USBR-USACE 2019).
2.2

Critical state soil mechanics

The Bennett Dam and the Coursier Dam are two prominent examples of the consequences of
internal erosion within embankment dams. Issues in the Coursier Dam were realized and
monitored from the point of construction, and the dam was able to be decommissioned in a
controlled and staged manner. On the other hand, the two sinkholes in the Bennett Dam appeared
with little to no warning, prompting a state of emergency. Risks of internal erosion are
compounded when considering the lack of understanding when many embankment dams were
first constructed (decades to half a century ago), and the high consequence nature of many dams.
While perhaps there is a better appreciation of the consequences of internal erosion in modern
practice, the current body of knowledge on its initiation, propagation and mechanical
consequences is characterized by empiricism and a lack of fundamental understanding. Thus, it
is necessary to conduct fundamental laboratory element testing to develop a mechanics based
understanding of the phenomenon.
2.2.1

Volume change in granular materials

A fundamental aspect of granular material is its tendency for substantial volume change when
sheared. This tendency can be contractive (decrease in volume) or dilative (increase in volume).
These tendencies result in positive and negative excess pore water pressures, respectively, when
drainage is not permitted. The tendency for dilation or contraction is dependent on the density of
the material, denser material has been shown to be more dilative than loose material when other
test variables are held constant. It is also dependent on confining pressure, it has been observed
that increasing confining pressure tends to suppress dilation when other test variables are held
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constant. This tendency for volume change can significantly affect the strength of granular
material, and is a key driver for the critical state framework.
2.2.2

The critical state and the steady state

Critical state soil mechanics is a useful theoretical framework to develop constitutive relations. It
is based on the concept of a critical void ratio, first introduced by Casagrande (1936). He
postulated, based on results from drained shear tests on sand, that a critical density exists at
which loose and dense material converge, and continuous deformation is possible at a constant
shearing stress. The concept was further developed by Taylor (1948), who found the critical void
ratio to decrease with increasing confining stress. Roscoe et al. (1958) extended the concept to
clayey soils, and Schofield and Wroth (1968) introduced Granta-Gravel and Cam Clay models
based on the critical void ratio concept, which they expanded into the framework termed “critical
state soil mechanics”. They describe critical state soil mechanics as “the concept that soil and
other granular materials, if continuously distorted until they flow like a frictional fluid, will come
into a well-defined critical state”. Based on previous experimental work, they postulated the
existence of a “unique curve of critical states in p, ν, q space” where p and q are stress invariants
describing mean stress and deviator stress respectively, and ν is the specific volume of the
material. An important kernel of critical state soil mechanics originates from Casagrande’s
original concept of a critical void ratio, that when a material is at the critical state it has no
further tendency for volume change.
In the years since, the companion concept of the steady state was introduced, which has been
interpreted by some to be different from the critical state. The concept of the steady state was
first defined by Poulos (1981) as “The steady state of deformation for any mass of particles is
that state in which the mass is continuously deforming at constant volume, constant normal
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effective stress, constant shear stress and constant velocity”. The concept is based in part on
undrained load controlled tests on loose sand by Castro (1969), which exhibited a sudden
collapse in strength and flow liquefaction type behavior at a critical void ratio and stress which
was believed to be the steady state. Researchers have found differences in steady state and
critical state locations in void ratio – effective stress space based on drainage conditions
(Alarcon-Guzman et al. 1988) and loading rate (Hird and Hassona 1990). Additionally, the
steady state in void ratio – effective stress space was found to vary with stress path, and thus
non-unique in this space (Vaid et al. 1990).
Been et al. (1991) reviewed these claims and determined that, for practical purposes, the
concepts of the steady state and the critical state were identical. It was pointed out that the main
difference between the two definitions is the “constant velocity” requirement, which at the time
had yet to be defined, and had been questioned by other researchers (e.g. Hird and Hassona
1986). They further postulated that the apparent differences between the two conditions were due
to inconsistent interpretation of results (e.g. interpreting the quasi steady state as the steady state
for undrained tests), and incomplete shearing of material (i.e. interpreting materials still
undergoing dilation at the end of test as having reached the critical state). Been et al. (1991)
convincingly found a unique critical state for Erksak sand, independent of stress path (triaxial
extension vs. compression), loading method (stress vs. strain controlled), reconstitution method,
and initial density, provided that the data was interpreted in a consistent manner to critical state
theory. Verdugo and Ishihara (1996), using a similar interpretation to Been et al. (1991), found a
unique steady state for Toyoura sand, also independent of reconstitution method, drainage
conditions and initial density.
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Discrepancies between the critical and steady states have in part been due to the tests used to
determine the two conditions. Undrained tests on loose sand were typically used to determine the
steady state and drained tests on dense sand were used to determine the critical state – leading to
the postulation of the s and f lines (Castro 1969, Alarcon-Guzman et al. 1988). Denser material
generally requires larger strains to reach the critical state, and is more susceptible to strain
localizations and inaccuracies in calculated test parameters. Jang and Frost (2000) performed a
series of triaxial tests on loose and dense sand. It was concluded that the critical state of loose
and dense materials was the same, using image analysis techniques to examine local void ratios
of zones of intense shearing within dense specimen. If global void ratios had been used rather
than local void ratios however, it would have led to the development of two non-unique lines in
void ratio – mean effective stress (e-p′) space based on initial density. This could explain some
discrepancies reported in previous work. The current work considers the steady state and the
critical state to refer to the same concept.
Several studies have presented evidence that the critical state is unique and independent of
reconstitution method (Murthy et al. 2007, Sadrekarimi and Olson 2012, Zlatović and Ishihara
1997), and drainage conditions (Azeiteiro et al. 2017, Murthy et al. 2007). These studies support
the concept that through intense shearing a new structure is formed at the critical state that is
independent of the initial structure. This is further supported by Jang and Frost (2000), who
noted a strong preferred alignment of sand grains in the direction of shearing in localized shear
zones at the critical state.
Variations in critical state location in e-p′ space due to differences in principle stress orientation
and fabric anisotropy is somewhat less resolved. Riemer and Seed (1997) presented experimental
data suggesting that the critical state in e-p′ space is dependent on principle stress orientation,
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supporting the findings of Vaid et al. (1990). Sivathayalan and Vaid (2002) and Yoshimine et al.
(1998) have also shown sandy material to be inherently anisotropic.
In the world of constitutive modelling, Li and Dafalias (2012) introduced the concept of
anisotropic critical state theory. With the introduction of an evolving fabric tensor to their
modelling approach, they were able to match experimental data with varying principle stress
orientations when assuming a unique critical state in e-p′ space (albeit the critical state was
reached at shear strains in excess of 100%). Thus a unique critical state independent of stress
orientation may be achievable, however possibly not within the strain limits available to most
laboratory equipment.
The friction angle at the critical state, ϕCS or ϕCV, has been found to be a unique value,
independent of stress path (Vaid et al. 1990), confining stress and density (Negussey et al. 1988,
Vaid et al. 1990) as well as reconstitution method (Verdugo and Ishihara 1996, Murthy et al.
2007).
2.2.3

The state parameter

As mentioned previously, a key characteristic of granular materials is their tendency for volume
change, which is partially dependent on density and confining pressure. Critical state soil
mechanics provides a useful framework to model sand behavior, as the critical state locus (CSL)
serves as a divide between predominately dilative behavior (dense of critical, DOC) and
predominately contractive behavior (loose of critical, LOC) (Figure 2.4). Been and Jefferies
(1985) introduced a state parameter for sands to help describe this behavior. The state
parameter, ψ, is a measure of the difference between the current void ratio and the void ratio at
the critical state at the same mean effective stress, p′. Mathematically, the state parameter is
formulated as:
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ψ = e-eCS

Eqtn. 2.1

The state parameter provides a method to relate shear parameters (e.g. dilatancy, strength,
stiffness) to void ratio and confining stress. Because of this, the state parameter is widely used in
critical state based constitutive models - see for example Nor-Sand (Jefferies 1993), SevernTrent Sand (Gajo and Muir Wood 1999) and SANISAND (Taiebat and Dafalias 2008).
2.2.4

Conceptual framework of the current study

Interpretation of the critical state in the present research is the same as Verdugo and Ishihara
(1996) and Been et al. (1991) – as the ultimate state at the end of shearing where the soil deforms
at constant stress and volume, rather than the minimum stress which can be a localized region
within a range of axial strains in the stress-strain plot (i.e. quasi steady state). Consequently, the
strength may be higher at the ultimate steady state than a quasi-steady state, or at the onset of
strain softening.
Jefferies (1993) eloquently summarized critical state theory in two axioms, quoted below.
“Axiom 1: A unique locus exists in q, p, e space such that soil can be deformed without limit at
constant stress and constant void ratio; this locus is called the critical state locus (CSL).”
“Axiom 2: The CSL forms the ultimate condition of all distortional processes in soil, so that all
monotonic distortional stress state paths tend to this locus.”
The current study is concerned primarily with triaxial compression testing. Thus the CSL can be
described by two equations, with CS nomenclature symbolizing the critical state.
q- p′ space:
q CS = MTC ∗ p′CS

Eqtn. 2.2
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Where MTC is the critical stress ratio in triaxial compression, formulated as:
MTC =

6sin(ϕCS )

3−sin(ϕCS )

Eqtn. 2.3

e- p′ space:
eCS = Γ − λ log10 (p′ CS )

Eqtn. 2.4

Where λ is the slope of the CSL and Γ is the intercept at p′CS =1 kPa. The CSL has also been

represented as a line in natural logarithmic scale.
p′ and q are stress invariants denoting mean effective and deviatoric stress, respectively,
formulated as:
p′ = (σa + 2σr )/3 – u
q = σa − σr

Eqtn. 2.5
Eqtn. 2.6

There has been some discussion as to whether the critical state is linear or curved in e – log(p′)
space. It has also been formulated as a power function in e-log(p′) space by various researchers
(e.g. Murthy et al. 2007).
The tests performed for this research are solely isotopically consolidated triaxial compression
tests, thus no statements will be made on the uniqueness of the critical state regarding stress path
and principal stress orientation. A representation of the critical state framework, as well as
typical stress – strain relation for isotopically consolidated triaxial compression tests are shown
in Figure 2.4. The soil behavior types are well documented in the literature, and are briefly
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described here. As is traditionally done in triaxial testing, compressive strains are treated as
positive.
Behavior type “1” is characterized by very loose specimens, which are fully contractive. In
undrained loading, these specimens exhibit flow liquefaction type behavior, characterized by a
peak strength and rapid loss in strength due to excess pore water pressure to the critical state. In
drained loading, these specimens fully contract to the critical state, and the peak strength of the
material is reached at the critical state.
Behavior type “2” is characterized by contractive – dilative tendency. In undrained testing, these
tests may exhibit a peak strength followed by a subsequent softening to phase transformation and
a quasi-steady state (if sufficiently loose), followed by hardening due to decreasing excess pore
water pressure until the critical state is reached. This type of behavior has been termed “limited
liquefaction”. In drained testing, the response is characterized by contraction to the point of
maximum contraction, followed by subsequent dilation until a constant volume condition is
achieved. This results in a peak strength at lower strains followed by progressive strain softening
to the critical state. If the initial state is above the critical state the excess pore water pressure and
volumetric strain will be positive at the critical state.
Behavior type “3” is characterized by predominately dilative behavior. In undrained shear, this
results in initially positive excess pore water pressure, with no strain softening to phase
transformation, followed by large, negative excess pore pressures to the critical state. In drained
tests, the stress-strain behavior is characterized by small initial contraction to the point of
maximum contraction, followed by significant dilation. This yields a large peak strength
followed by softening to the critical state.
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2.3

Triaxial testing

To characterize the critical state of gap-gradations in the current research, the triaxial test is used.
Triaxial tests have been used frequently to determine critical or steady state parameters for a
variety of sands. It is a versatile test in terms of the variety of stress paths (e.g. extension vs.
compression loading, anisotropic and isotropic consolidation, drained vs. undrained testing) that
can be imposed, and the variety of parameters (e.g. volume change, pore water pressure, axial
load, axial deformation) that can be measured.
Some limitations of the triaxial test include end restraint friction, stress and strain localization
within test specimens, and only axisymmetric stress conditions can be imposed (Lade 2016).
When undertaking a laboratory investigation it is desirable to model the field conditions as
closely as possible within the lab. These include:
o Gradation
o In-situ fabric/structure
o Density
o Loading direction
o Stress conditions - This is very complicated in embankment dams, where arching
certainly exists. For example, stresses measured in the disturbed zone of Bennett
Sinkhole 1 were 1/3rd of expected values, and historically pore water pressure were
higher than expected (Watts et al. 2000).
2.4

Fabric

The ‘fabric’ of soil particles refers to “the arrangement of particles, particle groups, and pore
spaces in a soil”, whereas structure refers to the “combined effects of fabric, composition and
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inter-particle forces.” (Mitchell and Soga 2005). The embankment dam is made up of its main
body and its foundation. In some instances, such as the Bennett, the foundation of the dam is
bedrock, thus the greatest risk of internal erosion due to internal instability is likely within the
main body of the dam. In other instances the Dam is built atop soil strata, which are likely
alluvial/fluvial deposits. Issues at the Coursier Dam have shown that fluvial deposits in the
foundation of the Dam can also be susceptible to internal instability (Crawford-Flett 2014).
Fluvial deposits can contain deficiencies within certain particle size ranges, and thus have a
natural tendency to be gap-graded (Morgan and Harris 1967). To model the in-situ fabric of the
Dam, it is necessary then to model the foundation and the main body of the dam. Thus it is
desirable to replicate the fabric and structure of an alluvial deposit and/or a compacted fill, as
appropriate to characterize properly the mechanical behavior of the field condition modelled.
Certainly to capture elements of the structure (and therefore effects such as aging) it would be
desirable to test undisturbed sampled taken from the field. However with predominately coarse
grained material such as the Bennett transition zone, this is impractical. Thus laboratory
investigations should ideally replicate the field conditions using reconstituted test specimens.
2.4.1

Methods of specimen reconstitution

Briefly described here are the more commonly used methods to reconstitute a test specimen. The
slurry deposition, and moist tamping using the linear under-compaction method proposed by
Ladd (1978), were used in the main test program of the current study, and are discussed in the
most detail. Different choices of specimen reconstitution and how they fit within the context of
the current study are shown in Figure 2.5.
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2.4.1.1

Air pluviation

Air pluviation is said to best replicate the fabric of an aeolian deposit (Kuerbis and Vaid 1988).
Air pluviation essentially consists of pouring dried material from a prescribed drop height into
the membrane-lined split mold to reconstitute a specimen. The specimen is saturated postplacement and prior to testing. Air pluviated specimens are susceptible to particle segregation for
a broadly or gap-graded material.
2.4.1.2

Water pluviation

Water pluviation has been shown to replicate the fabric of fluvial deposits (Vaid et al. 1999, Oda
et al. 1978). It essentially involves pluviating saturated material through water into a membranelined split mold. Similar to air pluviation, water pluviation will yield particle segregation for a
broadly or gap-graded material.
2.4.1.3

Slurry deposition

Slurry deposition was first introduced by Kuerbis and Vaid (1988) as a method to reconstitute
broadly graded material without particle segregation. It involves thoroughly mixing saturated
material in a tube and then depositing it into a membrane-lined split mold, filled with water, from
essentially a zero drop height to avoid particle segregation. The method has been demonstrated
to replicate the fabric of water pluviated specimens (Kuerbis and Vaid 1988, also see Chapter 4).
The method has been modified by others to a “discrete” form of slurry deposition when dealing
with large specimens, where mixing the gradation within a tube is impractical. This essentially
involves placing the specimen discretely with a large ladle or spoon to minimize particle
segregation (Moffat and Fannin 2006).
The slurry deposition method was shown to create homogeneous test specimens in terms of both
gradation and void ratio for broadly graded sand, and a sand-silt mixture when originally
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introduced by Kuerbis and Vaid (1988). Carraro and Prezi (2008) also demonstrated the ability
for a slightly modified method to reconstitute homogeneous specimens in terms of void ratio and
fines content for mixtures of Ottawa sand mixed with kaolin clay. To the knowledge of the
author, little to no work has been done to assess the homogeneity of gap-graded slurry-deposited
specimens with finer fraction contents larger than 14%.
2.4.1.4

Moist tamping

Moist tamping is commonly employed in laboratory investigations, because it is relatively
simple and can achieve a wide range of densities. Moist tamping is believed to replicate the
deposition mode of a compacted fill (Kuerbis and Vaid 1988).
There are two distinct advantages to using the moist tamping technique; the first - already
mentioned - moist tamping can achieve a large range of densities. Because of the capillary
tension between grains, and resulting “bulking” of the sand, very loose specimens can be
reconstituted to low (or even negative) values of relative density (e.g. Been et al. 1991,
Chillarige et al. 1997). Specimens of this type have been used when investigating flow
liquefaction type behavior and also when generating critical state data, because the critical state
can be reached at smaller strains, and looser samples have less tendency for strain/stress
localization.
Moist tamping is also the easiest method to generate dense specimens of gap-graded material.
Methods such as the slurry deposition method necessitate densification after the saturated
specimen has been placed. In the experience of the Author, this can lead to particle segregation
when working with internally unstable gap gradations. The second benefit of moist tamping is
that the capillary tension between grains largely prevents particle segregation during placement
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and densification (see Appendix B), which is important when working with a gap-graded
material.
There are two primary methods to reconstitute a specimen by moist tamping. The first is to
specify an energy input for each compacted layer. In this method, the weight, drop height, and
number of blows of the tamper– and thus the energy input - is specified for each placed layer,
and the final density is a result of the energy input. The second method is to specify the density
of each compacted layer. For this method, the height and mass of each layer is specified, and the
layer is compacted until it has reached its target density, regardless of energy input.
When tamping by either method there is a tendency to over-densify the bottommost layers of the
specimen, as additional compactive energy is transmitted to these layers as subsequent layers are
placed and compacted overtop. To mitigate this effect, under-compaction has been employed: the
concept is to tamp layers to looser than their final target density, thus when subsequent layers are
compacted, the lowermost layers will gradually densify to their target density as they receive
additional compactive energy. The original concept was first introduced by Ladd (1978) for
compacting specimens to a target density. The method was termed linear under-compaction, as
the percent under-compaction of each placed layer varies linearly. A non-linear method of undercompaction has since been introduced by Jiang et al. (2003). The concept of under-compaction
has also been adopted in the energy input method as well, by the Modified Moist Tamping first
introduced by Bradshaw and Baxter (2007).
In general, the homogeneity of moist-tamped specimens has three considerations: interlayer and
intra-layer void ratio variations, stemming from variations in compaction energy imparted both
within and between layers (Frost and Park 2003, Vaid et al. 1999); distinct layer boundaries
(Mulilis et al. 1975, Riemer 1992); and, spatial variation in gradation. In addition, Taylor et al.
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(2017) noted a potential for shear band formation during the tamping process, and Frost and Park
(2003) reported the potential for moist-tamped specimens to have an apparent stress history prior
to shear, due to large forces imparted on the material during the tamping process.
Hird and Hassona (1990) and Frost and Park (2003) demonstrated the effectiveness of Ladd’s
under-compaction method in creating layers with similar average void ratios throughout a
specimen. The under-compaction method proposed by Bradshaw and Baxter (2007) also appears
to yield encouraging results. However, the method by Jiang et al. (2003), does not appear to yield
a homogeneous density profile when applied to lunar soils (Jiang et al. 2012) and gap-graded
sands (Mehdizadeh 2018). To the knowledge of the author, little to no work has been done to
assess the uniformity of moist-tamped specimens by Ladd’s under-compaction method for gapgraded materials, in terms of gradation and density distribution.
Sladen and Handford (1987) reported potential systematic errors arising from unmeasurable void
ratio changes during saturation of moist-tamped specimens. The error could be as large as 0.15 in
terms of void ratio when estimating the steady state line location from initial specimen
dimensions for very loose specimens, without taking into account volume changes during
saturation. They recommended that specimens be frozen post-test for an accurate determination
of void ratio based on water content. Verdugo and Ishihara (1996) presented an alternative
method of evaluating the void ratio of triaxial specimens based on the water content post-test
without freezing the specimen. Both of these methods have been shown to provide a reliable, end
of test void ratio measurement.
2.4.2

Influence of fabric

Granular materials have been found to exhibit highly anisotropic behavior (Oda 1972, Oda et al.
1978, Vaid et al. 1990, Sivathayalan and Vaid 2002 and Yoshimine et al. 1998). Differences in
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reconstitution method yield different particle groupings, contacts and orientations – in other
words different fabrics. The effect of reconstituted fabric on the mechanical behavior of
uniformly graded sand specimens has been investigated by several researchers (e.g. Oda 1972,
Oda et al. 1978, Ladd 1974, Mulilis et al. 1975, Vaid et al. 1999, Zlatović and Ishihara 1997).
Different reconstitution methods have been observed to yield differences in the stress-strain
response of a test specimen. Accordingly, selection of a reconstitution method can have
important implications if laboratory results are to be used to simulate field behavior.
Oda (1972) and Mulilis et al. (1975) found shear response to be related to the orientation of grain
contacts within specimens, which were found to be dependent on method of specimen
reconstitution. Material with the highest frequency of normals to tangential contact planes in the
direction parallel to the major principal stress were observed to exhibit the highest strength.
Vaid et al. (1999) found that Fraser River sand exhibited contractive, flow liquefaction type
behavior (peak strength followed by strain softening to steady state) when reconstituted by moist
tamping. In contrast, when reconstituted to the same density by water pluviation, the response
was predominately dilative, limited liquefaction type behavior for monotonic, undrained triaxial
compression testing. It was noted that if the test program were designed to be representative of a
water deposited sand, moist tamping might unnecessarily condemn the material to low design
strengths and liquefaction susceptibility.
While several studies have examined the effect of reconstitution method on the response of
uniformly graded material, few data exist for gap-graded soils. Wood et al. (2008) compared the
response of silty sand triaxial specimens when reconstituted to loose, medium dense, and dense
states at a nominal fines content of 10, 20 and 40%. The study used air pluviation, dry funnel
deposition, mixed dry deposition, water pluviation and slurry deposition reconstitution
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techniques. They were only able to compare slurry-deposited specimens to other methods at high
densities, because this corresponded to the loosest deposited case for slurry-deposited specimens.
No significant difference in response between reconstitution methods was observed, regardless
of silt content at high densities. Differences in specimen behavior were noted to be more
prominent for medium dense specimens, and became increasingly large at higher silt contents.
However particle segregation and banding were observed in water and air pluviated specimens,
which likely contributed to differences in observed behavior.
2.4.3

Undisturbed and reconstituted specimens

A number of studies have examined differences between reconstituted and undisturbed
specimens. Oda et al. (1978) observed that undisturbed sand specimens of fluvial origin had
similar tendency for a preferred particle orientation to water pluviated sand. Vaid et al. (1999)
observed that direct simple shear tests on water pluviated sand specimens closely replicated the
mechanical behavior of undisturbed specimens of the same sand from a fluvial deposit. Both of
these studies provide evidence that a water pluviated laboratory specimen replicates the fabric of
a water deposited material. Kuerbis and Vaid (1988) demonstrated that water pluviation and
slurry deposition yield specimens that exhibit highly similar stress-strain response for 20/40
Brenda sand, and thus likely a similar fabric.
Vaid et al. (1999) noted that the mechanical response of triaxial specimens of undisturbed fluvial
sand and water pluviated sand, although still similar, exhibited larger discrepancies than when
tested in direct simple shear. It was postulated that this was due to non-uniformities within the
undisturbed material. Since the triaxial specimens were larger than the direct simple shear
specimens, variations of void ratio across the length of the specimens were more prominent.
Similarly, Verdugo (1992) found that the steady state of undisturbed material was different than
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the same material when reconstituted in the lab. He postulated that the finding was due to
elements of the structure (e.g. layering, cementation) of the undisturbed material, which were not
reproduced in the lab.
An experimental program should replicate the field condition of interest; however when
performing fundamental, element level testing it is essential to have uniform test specimens. It is
necessary to acknowledge then the limitations in the lab to truly replicating the in-situ fabric or
structure of interest with reconstituted specimens.
2.5

Testing of gap-graded material

To-date the majority of laboratory studies to develop critical state data for sand has been done for
poorly graded material. Critical state data on gap-graded mixtures is more limited. This section
outlines key findings from studies on binary mixtures of coarse and fine material.
2.5.1

Varying finer fraction content, Sf

Several studies have examined the effect of finer fraction content (Sf) variation on shear
response. Most of these studies are primarily concerned with sand-silt mixtures, however some
have examined binary mixtures of sand sized material. The studies have indicated differences in
dilative tendencies, peak strengths, and critical state loci location as finer material is added or
removed from a gradation of sand. Key findings of these studies are discussed in the proceeding
paragraphs.
Been and Jefferies (1985) studied mixtures of Kogyuk sand with a silt content of 0, 2, 5 and
10%. Increased Sf resulted in a steepening of the steady state line in e-p′ space (the compression
plane), which they postulated was due to the increased compressibility of the silt.
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Zlatović and Ishihara (1995) studied mixtures of Toyoura sand with non-plastic Toyoura silt
(milled Toyoura sand) at finer fraction contents of 0, 5, 10, 15, 25, 30, 40 and 100%. The
response of the material was increasingly contractive to a Sf of 30%, despite the fact that these
tests were performed at higher relative densities. They also found a downwards translation of the
steady state lines in e-p′ space to a Sf of 30%, at which point tests at higher Sf values resulted in
an upwards translation of the steady state line. In contrast to Been and Jefferies (1985) it was
noted that the steady state lines for each gradation were approximately parallel.
Thevanayagam et al. (2002) undertook an experimental investigation on gap-graded, binary
mixtures of Ottawa sand and non-plastic silica silt, with finer fraction contents of 0, 7, 15, 25, 40,
60 and 100%. Similar to Zlatović and Ishihara (1995), their data indicated that the critical state
line had a downward translation in e-p′ space with increasing Sf until a threshold Sf was reached
(postulated to be between 25 and 40%), at which point the CSL was observed to have an upward
translation with increasing Sf thereafter. The critical state loci were observed to locate nearly
parallel in the compression plane.
Murthy et al. (2007) reported a downward translation of the CSL in e-p′ space with increasing Sf
(non-plastic silt added to Ottawa sand for finer faction contents of 0, 5, 10 and 15%). They also
observed an increase in critical state strength (ϕCS) with increase in Sf. The increase in strength
could be because the silt, which was crushed Ottawa sand, was more angular than Ottawa sand.
Similar to previous research, the critical state loci appear to be nearly parallel in the compression
plane.
Ke and Takahashi (2015), and Ouyang and Takahashi (2016) undertook experimental programs
on binary mixtures of Silica No. 3 and Silica No. 8 sand with Sf = 15, 25, and 35 %. They
reported more contractive soil behavior with higher Sf when specimens were prepared to the
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same relative density. Ouyang and Takahashi (2016) observed a downward translation of the
critical state location in e-p′ space with increasing Sf.
2.5.2

Transitional soil behavior

A number of studies (Kwa and Airey 2016, Shipton and Coop 2015, Xu and Coop 2017) on gapgraded or broadly graded mixtures of silty/clayey sand have discovered a potential nonuniqueness of the critical state in e-p′ space. These studies have observed a so called “transitional
mode” in the material, where behavior of tested material is very dependent on its initial density,
such that families of critical state loci exist that are characterized by the initial density of the
tested gradation. Xu and Coop (2017) reported that for a material exhibiting transitional
behavior, initial fabric arising from reconstitution method was erased at the critical state,
however the initial fabric/structure of the material due to density is not overcome at the critical
state, such that critical state location in the compression plane is characterized by initial density.
2.5.3

Microstructure

The concepts of microstructure and particle packing are important when discussing binary
mixtures of different sized materials. The interaction of two materials is complex, particularly if
the properties of the components are significantly different (e.g. differences in plasticity,
mineralogy, shape). The packing arrangement of a mixture partially controls its mechanical and
hydraulic response, and will vary with Sf and size disparity between coarse and fine components.
Thevanayagam et al. (2002) introduced a useful classification system to identify the
microstructure of binary soil mixtures with varying Sf:
a. Coarse grain soil mix
i.

Fines fully confined in void

ii.

Fines confined and partially in contact with coarse grain
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iii.

Fines confined and separator of coarse grain

b. Fine grain soil mix
i.

Coarse grains partially dispersed and act as reinforcing elements in soil matrix

ii.

Coarse grains fully dispersed

Thevanayagam et al. (2002) proposed different representations of void ratio for each
microstructure identified, which could be used to normalize critical state data of binary mixtures
with varying Sf into one critical state band in e-p′ space. Subsequent studies (e.g. Chang and
Deng 2019) have expanded on this concept, and proposed different methods of calculating the
equivalent void ratios based on postulated particle packing arrangements. The studies show
promise, however parameters used to calculate the equivalent void ratios do not appear to have a
strong theoretical basis.
It is interesting to note that the particle packing arrangement, and thus microstructure, of binary
mixtures of material will be heavily dependent on reconstitution method in the lab, or deposition
method in the field (although layered soil mixtures certainly would certainly be prevalent in the
field, while these are undesirable in the lab). The slurry deposition method is said to replicate
water deposited material. It was reported by Kuerbis and Vaid (1988) that the sand skeleton void
ratio for mixtures of silty, Brenda sand when slurry-deposited in its loosest state was unchanged
for 0% ≤ Sf ≤ 20%. This would imply that the fines are confined entirely within the voids of the
coarse soil matrix, thus the microstructure would be type a-i or a-ii. Intuitively, it makes sense
that most gap-graded alluvial deposits in the field are formed by infilling of fine material into the
void space of a coarser soil matrix.
Conversely, moist tamping in the lab is said to replicate the deposition mode of a compacted fill.
Capillary tension of moist material prevents particle segregation, and, in the experience of the
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Author, fine particles will cling to coarse particles when mixed thoroughly. When these
specimens are placed and compacted, it would be nearly impossible to reproduce a
microstructure where finer material does not partially contribute to the force chains, regardless of
Sf. Zlatović and Ishihara (1995) reported that the sand skeleton void ratio of Toyoura sand – silt
mixtures increased at silt contents as low as 5% for saturated moist-tamped specimens. Thus it
would be highly improbable for specimens reconstituted by moist tamping to have a
microstructure of type a-i or a-ii.
Shire et al. (2016), Lade et al. (1998) have studied how particle packing varies with size disparity
between coarse and fine components (often represented by the gap ratio, D′15/d′85 in the world of
internal erosion, where D′15 is the grain size corresponding to the 15th percent mass passing of
the coarse soil, and d′85 is the grain size corresponding to the 85th percent mass passing of the
fine soil). In general, it was found that with reduced size disparity between components, fine
particles are less inclined to be fully confined within the void space of the coarse component of
material, and more inclined to be a separator of coarse grains.
2.6
2.6.1

Mechanical consequences of internal erosion
Laboratory work

Triaxial tests on gap gradations of coarse and fine sand have been performed for the purposes of
quantifying the mechanical consequences of internal erosion. Studies include the work of Ke and
Takahashi (2015), Ouyang and Takahashi (2016), Mehdizadeh et al. (2018), Mehdizadeh (2018),
and Chang and Zhang (2011). Specifically, drained triaxial (Ke and Takahashi 2015, Chang and
Zhang 2011), undrained triaxial (Mehdizadeh et al. 2018, Ouyang and Takahashi 2016), and
cyclic triaxial (Mehdizadeh 2018) testing has enabled response comparisons of uneroded and
eroded material. Key findings are discussed here.
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Chang and Zhang (2011) observed that a loss of fine material due to erosion resulted in more
contractive behavior when compared to uneroded material with a void ratio and Sf similar to the
pre-eroded condition of the eroded specimens.
Ke and Takahashi (2015) compared a series of uneroded and eroded drained shear tests, at
similar void ratios and Sf pre-erosion. They noted that the behavioral trend of eroded material
was different than that of uneroded material. Shear tests of eroded material at higher confining
pressures exhibited less contractive behavior than those at low confining pressures. It should be
noted, however, that a larger percentage of Sf was lost in tests at lower confining pressures,
resulting in higher void ratios and lower Sf, which likely affected this observed trend.
Ke and Takahashi (2015) also compared an uneroded test specimen with an eroded test specimen
at similar post-erosion Sf, and noted that the uneroded material exhibited a larger drained
strength. However, the eroded material had a larger void ratio than uneroded material, to the
point that the post-seepage void ratio of the eroded specimen was inaccessible by the
reconstitution method used in the lab.
Ouyang and Takahashi (2016) mapped the effects of internal erosion onto a critical state
framework. They determined the CSLs of uneroded specimens at Sf = 15, 25 and 35 %, noting a
downwards translation of the CSL in the compression plane with higher initial Sf. They reported
that eroded material had a CSL above the loci generated for uneroded material in the
compression plane, albeit at lower Sf post-erosion than uneroded gradations.
Mehdizadeh et al. (2018) noted differences in non-eroded and eroded shear response when
reconstituted to the same initial density and gradation pre-erosion. An increase in contractive
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tendency of the eroded specimens was found, and attributed to an increase in the global void
ratio post-erosion.
Taken collectively, the present body of data is concerned primarily with comparing pairs of tests
on eroded and uneroded material with the same initial properties (gradation, void ratio) prior to
the onset of internal erosion in the tests with seepage. However, the erosion process removes
finer particles from the soil matrix, resulting in changes to the gradation, void ratio and structure
of the tested specimen. Thus, it is important to create a database of uneroded data at varying Sf
and void ratios representative of both the pre and post erosion condition as a basis for
comparison to eroded specimens, such that the degradation in strength properties solely due to
the irregular structure of an internally eroded specimen can be properly distinguished from
changes due to gradation and void ratio. If only the pre-erosion condition is compared,
differences in strength, stiffness and volume change tendencies cannot be adequately determined
to be an effect of erosion, as it is well documented that these properties are strongly affected by
void ratio and gradation.
Critical state soil mechanics provides a useful framework with which to do this. As was found by
Ke and Takashi (2015), post-erosion void ratios may be inaccessible to reconstitution techniques
used in the lab. Critical state soil mechanics provides a unifying framework to interpret data,
where differences in shear behavior due to differences in initial void ratio can be related to the
state parameter and other constitutive parameters. Using this approach, it may not be necessary
to exactly match the void ratio of eroded and uneroded material, provided their ultimate critical
state location can still be determined and compared for the same gradation.
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2.6.2

Constitutive approach

A prominent modelling approach to the mechanical consequences of internal erosion has been
introduced by Muir Wood et al. (2010). As constitutive modelling is not a direct objective of the
current study, the approach taken by Muir Wood et al. (2010) is conceptually discussed here,
without consideration to specific formulation and laws.
The approach of Muir Wood et al. (2010) is a modification of an existing constitutive model,
Severn – Trent Sand (Gajo and Muir Wood 1999). Severn-Trent sand is a critical state based
constitutive model, in which many of the mechanical properties (e.g. dilatancy, stiffness,
strength) are related to the state parameter. Based on DEM simulations, Muir Wood et al. (2010)
postulated that particle removal from a soil matrix will have two effects. Firstly, it will cause an
increase in the void ratio of the material and change in the position of the critical state line in e-p′
space due to the change in gradation. Secondly, it will cause a rearrangement of the force chains
within the material, and subsequent volumetric compression. The change in the position of the
critical state line and material void ratio will result in a change in the state parameter, and thus
plastic deformation of the material, the magnitude of which will be controlled by the magnitude
of the change in the state parameter and stress state relative to the yield surface. The
rearrangement of the force chains will cause a secondary plastic deformation, which is dictated
by a participation function derived from discrete element (DEM) simulations, with significant
uncertainty.
The model is formulated based on discrete changes in the material gradation, with no
consideration to coupled fluid flow and time effects. Muir Wood et al. (2010) acknowledge the
need for experimental validation, both to include the effects of fluid flow and rate of particle
removal, as well as to validate the nature in which the material deforms due to particle removal.
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It is noted that the material response is also “crucially dependent on the actual fabric of the
material.” Nevertheless, it provides a promising framework with which to describe a complicated
phenomenon (Yin et al. 2014).
2.7

Summary
o Internal instability is hypothesized to have been a cause of the Bennett Dam sinkhole
incident, and was a key driver for decommissioning of the Coursier dam. The current
state of practice relies heavily on empiricism to assess the susceptibility of a zoned fill
material, or foundation stratum, to internal instability. A fundamental understanding of
the phenomenon is needed.
o Critical state soil mechanics is used frequently in constitutive modelling. While the
uniqueness of the critical state for uniformly graded sands has been questioned in the
past, several studies have found the critical state to be unique provided data is interpreted
consistently.
o When undertaking an experimental program, it is desirable to replicate the field condition
modelled. In the context of fabric and structure, this entails choosing an appropriate
reconstitution method to simulate the deposition mode of field soils, which for dams may
be compacted fills or alluvial deposits. Reconstitution method has been shown to
significantly affect loading behavior in poorly graded sands. Little work has been done to
study the effect of reconstitution method on the mechanical response of gap-graded
material. Similarly, little work has been performed to assess the homogeneity of gapgraded specimens, particularly at high values of Sf.
o Numerous studies have sought to characterize the behavior of gap or broadly graded
materials, typically sand-fines mixtures. The effects of changing Sf have varied by study,
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and have included changes in dilatancy, critical state location and strength. A
“transitional mode” has been observed in certain gap-graded and broadly graded soils
which suggest non-uniqueness of the critical state in e-p′ space for these materials.
o Little is known about the mechanical consequences of internal erosion. The current body
of knowledge is based on comparisons of eroded material to uneroded material with
different gradations and void ratios, such that the effects of internal erosion cannot be
distinguished from other test variables. A comprehensive data set of uneroded shear
response at varying values of Sf and void ratios is needed for eventual comparison to
eroded response at the same density and Sf. Critical state soil mechanics offers a useful,
unifying framework with which to characterize eroded and non-eroded response.
o Critical state based constitutive models have been proposed to characterize the
mechanical consequences of internal erosion. The approach presented by Muir Wood et
al. (2010) relies on qualitative observations of DEM simulations, and has no
consideration to fluid flow and fines loss rate effects. Experimental data is required with
which to fully develop a constitutive relationship.
2.8

Objectives of the current study

The current study is believed the first in a series that will attempt to characterize uneroded gapgradations in a critical state framework for a variety of Sf and gap ratios (D′15/d′85). The purpose
being to clearly establish a database of data with which internally eroded shear tests can be
compared, and the mechanical consequences of internal erosion can be properly distinguished
from differences in density and gradation.
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Figure 2.1 WAC Bennett Dam cross section (after Morgan and Harris 1967)
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Figure 2.2 WAC Bennett Dam: approximate locations of 1996 sinkholes i
i This work, "WAC Bennett Dam: approximate locations of 1996 sinkholes" is a derivative of "WAC Bennett Dam. View from the south” and “WAC Bennett Dam and Williston
Lake. View from the north” by Andres M. Panti used under CC BY-SA 3.0. This figure is licensed under CC BY-SA 3.0 by Vincent McClelland
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Figure 2.3 Decommissioned Coursier Dam in the fall of 2019 (view towards East abutment across excavated notch in center of dam)
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Figure 2.4 Typical stress-strain behavior within a critical state framework
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Figure 2.5 Choices of specimen reconstitution
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Chapter 3: Apparatus, materials and testing program
3.1

Introduction

This chapter describes the experimental investigations to address areas of limited knowledge or
knowledge gaps outlined in Chapter 2. It includes:
i.

Discussion of a newly designed and developed triaxial permeameter, with respect to
capabilities, accuracy of measurements, control systems, and data acquisition system;

ii.

Characterization of tested materials with respect to their sources of origin,
mineralogy, and tested gradations;

3.2

iii.

Detailing of methods of reconstitution, consolidation, and shearing of test specimens;

iv.

Discussion of void ratio measurement; and,

v.

An outline of the objectives of test program.
Test device

A new double-walled triaxial permeameter test device was designed and developed by the
internal erosion research group at UBC (Figure 3.1 and 3.2). It has all of the features of a typical
triaxial device, with the additional capacity to impose downward seepage flow across the triaxial
specimen, and measure any mass loss due to internal erosion. A key feature of the device is the
double-walled triaxial cell (Slangen and Fannin 2017), which allows specimen volume change to
be indirectly measured by the change in the volume of cell fluid that surrounds it. Volume
change is also directly measured by the volume of pore water expelled from, or drawn into, the
specimen, however this cannot be used during the stage of seepage flow. The double-walled
feature, as well as the mass loss collection system (similar to those of Ke and Takahashi 2014,
Mehdizadeh et al. 2017), allows for changes in the void ratio of a test specimen to be measured
continuously from the moment of reconstitution through consolidation, seepage and shear. Data
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generated by the device will be used to compare the shear response of eroded specimens
(specimens are reconstituted, and subjected to stages of consolidation, seepage and shear) to
uneroded specimens (specimens are reconstituted, consolidated, and sheared) with the purpose of
developing a constitutive relation to characterize the mechanical consequences of internal
erosion. The current study is focused on characterizing the mechanics of uneroded triaxial
specimens, thus the seepage components of the device were not used and are not discussed
further herein.
3.2.1

Key attributes

Key features of the device are listed below. Refer to Figure 3.1 for device detail. The triaxial
device is designed for a specimen with nominal dimensions of 7.5 cm diameter by 15.0 cm
height (663 cm3 +/- volume).
3.2.1.1

Double-wall triaxial cell

The double-wall triaxial cell used in this study was designed by Slangen (2015). The double-wall
concept originated in the field of unsaturated soil mechanics by Bishop and Donald (1961) to
provide a mechanism to measure volume change where changes in pore fluid volume cannot be
used. The system utilizes two cells, the fluid within each cell is kept under the same pressure.
The volume change of cell fluid in the inner cell is measured and various corrections are applied
such that the true volume change of the test specimen can be calculated. The pressurized outer
cell ensures that there is no differential pressure across the inner acrylic cylinder (and thus no
unintended volume change due to deflection of the cylinder). The acrylic cells are kept
submerged in water when not in use to prevent erroneous volume change measurements due to
absorption of cell fluid during triaxial testing.
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The main purpose of the double-walled cell is to measure volume change during the seepage
stage of testing, as a direct measurement of the change in the volume of pore fluid cannot be
measured during this stage. Since no seepage testing was performed in this study, the volume
measurement from change in cell fluid was never used as the primary volume change
measurement.
3.2.1.2

Top cap, base pedestal, and end platens

The top cap and base pedestal used in this study vary from those of a typical triaxial device, in
that they have a hollow design to accommodate downwards seepage flow. The top cap contains
inflow ports and the base pedestal contains an outflow port for seepage purposes. In this study,
their sole use was to saturate moist-tamped specimens. The base pedestal and top cap both have a
nominal outer diameter of 75 mm. Traditional triaxial end platens fit within both components
when performing triaxial testing without seepage. While hollow, the top cap and base pedestal
are anodized aluminum and assumed to be sufficiently stiff compared to the soil specimen to
have negligible deformation during specimen loading.
Stainless steel end platens, with centrally-located 35 mm sintered-bronze porous disks were used
in testing. Sintered bronze was chosen for its stiffness, durability and high permeability
compared to other filter materials.
Lubricated end platens have been advocated in triaxial testing to minimize undesirable stressstrain non-uniformities due to end restraint friction, which is particularly desirable when tests are
taken to large axial strain. Lubricated ends cannot be used in the shear phase of tests where
seepage is performed, as boundaries need to be open to allow for particle loss and fluid flow
during seepage. As the primary purpose of this study is to create a database with which to
compare shear tests of eroded material, lubricated ends were not used so that observed response
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can be properly compared without consideration to different test conditions. It has been shown
by Eliadorani (2000) that lubricated end platens have a secondary effect on specimen response.
Additionally, lubricated ends introduce bedding error to the axial deformation measurement,
which can be difficult to quantify and correct for (Eliadorani 2000).
3.2.2

Measurements

Vertical load: Deviatoric load is measured by an external load cell connected to the specimen
loading rod. The load cell has a capacity of 4.448 kN and an accuracy 0.2 kPa based on nominal
specimen dimensions.
Axial deformation: Axial deformation is measured by a linear potentiometer (LPOT). The LPOT
is fixed to the triaxial reaction frame, and measures the movement of a reaction bar attached to
the specimen loading rod. The LPOT has a linear range (based on its calibration) of 40 mm, and
an accuracy of 0.006 mm. The initial specimen height is measured with a dial gauge with a
calibrated accuracy of 0.02 mm.
Cell pressure: The cell pressure of the inner triaxial cell is measured by a total pressure
transducer (TPT, see TPT1 in Figure 3.1) connected to the triaxial base plate. TPT1 has a 689
kPa capacity and is accurate to 0.3 kPa.
Pore water pressure: Pore water pressure is measured at the base of the triaxial specimen by
TPT2. A differential pressure transducer (DPT, see DPT1 in Figure 3.1) is used to measure the
differential pore water pressure between the top and bottom of the specimen. These two
measurements are used to calculate the mean pore water pressure at the center of the specimen.
TPT2 and DPT1 have capacities of 689 and 34 kPa and accuracies of 0.2 kPa and 0.02 kPa,
respectively.

43

Volume change: The test device is designed for single ended drainage, where pore fluid is
expelled or drawn into the specimen through a drainage line connected to the top cap. The
drainage line connects to a calibrated glass tube. Backpressure is applied to the system at the top
of the tube. DPT3, connected to the top and bottom of the tube, measures the water level within,
and thus the volume change based on the area of the tube.
DPT3 has a capacity of 6.89 kPa and an accuracy of 0.003 kPa. The calibrated inner diameter of
the glass tube controls the accuracy of the volume change measurement. Error in volume change
measurement was found to be 0.5 cm3. In terms of void ratio, this yields an error of
approximately 0.001, based on nominal specimen dimensions.
3.2.3

Control systems

Stress control system: All tests are stress controlled prior to the shear phase of testing (i.e. during
back pressure saturation and consolidation stages of testing). A double acting piston is used to
provide axial load, by an applied differential pressure across its internal cylinder, controlled by
an electro-pneumatic regulator (EPR, see EPR2 in Figure 3.1). The applied axial load is
measured by the load cell mentioned previously. The loading rod is vertically aligned by two sets
of linear ball bushings mounted to the top plate of the triaxial cell. The bushings are sealed by a
U-cup, which prevents water leakage with minimal added friction to the loading rod.
Cell pressure is also controlled by an EPR (EPR 1 in Figure 3.1) connected to the top of glass
tubes connected to the inner and outer triaxial cell. The applied axial and radial stress to the
specimen are controlled using a feedback loop within the software, which adjusts EPR1 and
EPR2 based on the desired stress condition.
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Displacement control system: The displacement control system of the device is used primarily in
the shear stage of testing. The system consists of a linear actuator, bolted to the top of the triaxial
frame, which can be connected to the specimen loading rod. The linear actuator is controlled by a
stepper motor and controller, which controls the displacement rate of the actuator, and thus the
displacement rate of the loading rod and top cap.
3.2.4

System compliance and test corrections

Refer to Appendix A for detail regarding correction methodology and justification. Tests were
corrected for the following items:
o Volume change due to membrane penetration (Vaid and Negussey 1984)
o Right cylindrical area correction (La Rochelle et al. 1988)
o Membrane stress (Kuerbis and Vaid 1990)
o Loading rod friction
o LPOT spring force
o ½ specimen self-weight
o Saturated top cap weight
All drainage and transducer lines are semi-rigid flexible nylon tubing with a pressure rating of
900 psi (6.2 MPa) at 75° F (24° C). The pressure range of the tubing far exceeds the testing range
of the device (100 psi, 689 kPa), minimizing system compliance issues arising from tube
expansion/contraction. Diffusion coils, approximately 2 m long, are used to separate air-water
interfaces from the test specimen and transducers. De-aired water used in the device is replaced
regularly.
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All specimens are reconstituted to nominal dimensions of 15.0 cm height by 7.5 cm diameter,
thus maintaining the widely accepted 2:1 ratio height : diameter used in triaxial testing.
Maximum particle size did not exceed 1/6th the diameter as recommended by ASTM D4767.
3.3

Materials and gradations tested

Fraser River sand and gap-gradations of material from the WAC Bennett Dam South Moraine
Borrow Source were used in testing. Specific gravity of solids (Gs, ASTM D854) for the
materials were determined by AGAT Laboratories Ltd. Mineralogy of Bennett South Moraine
(BSM) sand was determined by the UBC Earth, Ocean and Atmospheric Sciences laboratory at
UBC, with sample preparation performed by co-researcher A. Antunes.
3.3.1

Fraser River sand (FR sand)

A suite of eight tests was performed using FR sand to commission the device. FR sand is a
subrounded to subangular, fine to medium, poorly graded sand (Figure 3.3) dredged from the
Fraser River where it runs through Richmond, BC. Its mineral composition was not measured
here, but is reported as 40% quartz, quartzite and chert, 11% feldspar, 45% unstable volcanic
rock fragments, and 4% miscellaneous deleterious (Garrison et al. 1969). The maximum and
minimum void ratios (emax and emin) were measured as 0.94 and 0.61, respectively (ASTM
D4254, ASTM D4253). The specific gravity of solids, Gs was measured as 2.69 (ASTM D854).
The sand has a median grain size, (D50) of 0.28 mm, and coefficient of uniformity (Cu) of 1.8
3.3.2

Bennett South Moraine sand (BSM sand)

Materials were sampled from the WAC Bennett Dam (originally the Portage Mountain Dam)
South Moraine borrow source (Figure 3.4). At the time of construction, the South Moraine
borrow source was described as “well-bedded sand and gravel mixture of glacio-fluvial origin”
(Morgan and Harris 1967). Approximately three cubic meters of material were sampled in
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October 2018 (Figure 3.5), and transported to the University of British Columbia, where it has
been processed into individual size fractions.
The sand sized material from the moraine is termed “Bennett South Moraine sand” (BSM sand)
herein. BSM sand grains are sub-angular and predominately siliceous in nature, with a relatively
high percentage of carbonate minerals that varies between the size fractions of fine and coarse
sand (Table 3.1).
Idealized gap gradations (Figure 3.6) were formed from binary mixtures of uniformly graded
medium/coarse (BSM-6/14 and BSM-10/18 sand) and fine sand (BSM-70/140 sand)
components. The coarse components of the material were measured to have approximately the
same mineralogy and shape, while the fine component was measured to have slightly different
mineralogy and shape (Table 3.1).
Test gradations, which are similar to those tested by Slangen (2015), are characterized based on
D′15/d′85 and Sf. Test specimens reported herein had a Sf of 15% and 35% and a nominal D′15/d′85
ratio of 7 and 10. The finer fraction material (BSM-70/140) was the same for all gradations
tested, and the coarse fraction material (BSM-6/14 and BSM-10/18) was varied to control
D′15/d′85 of the gradations tested. Specifically, three mixtures, termed BSM-7:15, BSM-7:35 and
BSM-10:35 were examined in testing. Due to the high percentage of carbonate, test material was
not reused in the program of testing, so as to eliminate all concern for grain crushing during
shear.
The purpose of the program of testing is to gain understanding of the mechanics of gap-graded
material that have limited characterization within the current body of knowledge. This is a
fundamental study, thus idealized gap gradations formed from binary soil mixtures are tested

47

rather than testing an envelope of gradations representative of those found within the Bennett
Dam transition zone.
3.4

Test procedure

The triaxial base plate is aligned and fixed in place on the reaction frame. It is unmoved during
specimen reconstitution and the cell assembly procedure. All specimens are reconstituted in
place on the triaxial base plate.
3.4.1

Methods of specimen reconstitution

As discussed in Chapter 2, one of the goals of specimen reconstitution is to replicate the fabric of
the in-situ soil being modelled. BSM sand tests were reconstituted by moist tamping and by
slurry deposition. Moist tamping is believed to replicate the placement mode of a compacted fill,
and slurry deposition to replicate the deposition mode of a gap-graded alluvial deposit. The
attributes of specimens reconstituted by these respective methods suggests that they are
reasonably homogenous in terms of particle size and void ratio distribution (Appendix B).
It is important to note that the in-situ soils being modelled likely have heterogeneities and aging
effects, which may be important characteristics of the field fabric and structure, however they are
undesirable for laboratory element testing. In the absence of a comparison of undisturbed and
reconstituted specimens for these gap-graded materials, the potential shortcomings of laboratory
methods to replicate the field conditions are acknowledged.
FR sand tests were reconstituted by water pluviation and by slurry deposition. Water pluviation
was chosen as a basis of comparison to previous work on FR sand, much of which has been
performed on water pluviated specimens (as FR sand is a water deposited sand). As FR sand is a
uniformly graded sand, particle segregation was not a concern. Additional tests were performed
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using slurry deposition as a basis for comparing the similarities in mechanical response of
materials reconstituted by these two methods.
3.4.1.1

Moist tamping

The tamping equipment used is shown in Figure 3.7. The tamping foot and rod are made from
aluminum, and the foot has a diameter of 37 mm (approximately ½ of the split mold inner
diameter). The tamping rod passes through a bushing, attached to an acrylic disk designed to sit
atop the split mold. Two stop collars are attached to the tamping rod, which are used to set the
stop height of the tamper – i.e. when the collars are fastened in place, they prevent the rod from
passing through the bushing at that location. These are used to set the desired final layer height,
and thus void ratio, of each layer of compacted moist material.
As mentioned in Chapter 2, moist-tamped specimens have been observed to contain void ratio
variations between layers as well as within layers. To reduce these variations, moist-tamped
specimens were placed and compacted in 10 layers using the linear under-compaction method as
proposed by Ladd (1978). It is important to note that layer boundaries have been shown to be
prominent within moist-tamped specimens (see Chapter 2 and Appendix B), and an undesirable
effect of a large number of thin lifts is an increase in the number of boundaries within the
specimen. The use of scarification in the procedure is believed to reduce the prominence of these
boundaries, and the existence of these boundaries within the specimen in the view of the author
is of lesser importance than a uniform distribution of void ratio and Sf within the broader context
of specimen homogeneity.
The original under-compaction method proposed by Ladd calls for a constant mass to be placed
and compacted to a variable thickness based on desired under-compaction percentage in order to
achieve a target void ratio and uniform void ratio distribution. The original formulation was
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altered in this study, so that the layer thickness of each layer is constant, but the mass is variable.
This was done because it was found that the mass of each layer is easier to control than the layer
thickness. By choosing a constant layer thickness, a spacer block with a thickness equal to the lift
thickness can be placed on the top of each compacted layer prior to scarification and the stop
collar on the tamping rod can be adjusted so that the top of the spacer block will be the finished
lift height of the next compacted layer. Using a spacer to set the height of each layer was found
to yield a more consistent layer height and density, and to save a considerable amount of time in
the tamping process over the alternative of setting the stop collars using calipers.
Materials preparation
For each layer, the coarse and finer fraction (both oven-dried) are weighed and placed in a
separate moisture-content tin, such that the gradation within the tin matches the desired specimen
gradation. A mass of de-aired water is added to the soil, at the desired water content, and the
mixture is thoroughly mixed (i.e. no clumping of individual fractions). A water contents of 3 to
5% was used. The permeability of compacted material decreases with increasing water content
(Holtz et al. 2011), thus it was the belief of the author that the saturation of a moist-tamped
specimen would be facilitated if the initial water content was lower.
Specimen placement
Initially, the base pedestal is dry, transducer lines have been saturated, and pore water pressure
transducers have been zeroed their respective datums. Stainless steel end platens are placed
within the base pedestal and top cap. A triaxial membrane is sealed to the base pedestal by two
O-rings, the split mold is assembled and the membrane is stretched to the walls of the split mold
with a small vacuum. A cylindrical PVC dummy specimen of known length is placed on the base
pedestal, the top cap is placed on the dummy specimen and a reference height measurement is
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taken using a dial gauge attached to a movable stand. An outline of the stand is marked on the
triaxial reaction frame to ensure that each height measurements is taken from the same location
throughout the specimen reconstitution procedure.
The aforementioned spacer block, with a thickness equal to the desired layer thickness, is placed
on top of the bottom end platen. The tamping assembly is placed on top of the mold, and the stop
collar on the tamping rod is adjusted so that the tamping foot cannot proceed past the top of this
spacer block, which will be the final compacted height of the placed layer. The spacer block is
removed and the mold is filled with carbon dioxide through the outlet port in the base pedestal.
Once confident that the mold is filled with carbon dioxide, percolation is stopped, and the first
layer of soil is placed and spread evenly over the base end platen. Tamping is then performed by
first lightly seating the tamping foot on the soil to ensure even distribution, and then with
increasing compactive effort to compact the layer to its desired height. The desired layer
thickness has been reached when the stop collar makes uniform contact with the top of the
tamping bushing assembly everywhere within the split mold. A proctor blow pattern is used
during the tamping process. Once the lowermost layer has been placed, the tamping assembly is
removed, and the spacer block is placed on the smooth surface of the compacted lift. The
tamping assembly is then placed back on the mold, and the stop collar is adjusted for the next
layer. The assembly and spacer block are removed, and the smooth surface of the bottom layer is
scarified to a depth of one to two mm using a sharp implement (a piece of steel wire in this case).
The subsequent layer is placed, and the tamping process is repeated until all layers have been
placed and compacted. The top cap and attached loading rod are then placed on the top of the
specimen, and the membrane is placed around the top cap and is sealed using two O-rings.
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Saturation
The saturation method used in the current study is that of Verdugo and Ishihara (1996). All
transducer lines, including the drainage line connected to the top cap are fully saturated, however
the top cap, base pedestal and end platens are dry at this point. The seepage inflow ports in the
top cap and the outflow port in the base pedestal (see Figure 3.1), which are unused in slurrydeposited tests, are used for saturation purposes in moist-tamped tests. Carbon dioxide,
introduced via the outflow port in the base pedestal, is percolated through the specimen and
vented out tubing connected to the inlet ports in the top cap. The percolation rate is monitored by
submerging the tubing from the top cap in water, and is typically set at a rate of 2-3 bubbles per
second. Carbon dioxide is percolated for two hours.
Thereafter, the inflow and outflow valves are closed, and the carbon dioxide tank disconnected
from the specimen. Two empty cylindrical tanks are connected to the inflow and outflow ports of
the triaxial device. A small vacuum is applied to the tanks and the valves to the specimen are
opened. The two tanks are connected to the same vacuum line. The vacuum is gradually
increased to approximately 15-20 kPa, monitored by the pore-water pressure TPT2 at the base of
the specimen (Figure 3.1). The specimen is still in the split mold at this time. While the vacuum
is increased on the specimen, the vacuum on the split mold is monitored and adjusted to ensure
that a differential vacuum exists across the triaxial membrane that will keep it held against the
cylindrical inside wall of the split mold. The reason for this is for an accurate measure of the
specimen diameter post water percolation, discussed in section 3.4.4. The vacuum is held on the
specimen for approximately 30 minutes.
After sufficient time has passed, the valves connecting the tanks to the specimen are closed, and
the tank connected to the outflow port at the base of the specimen is filled with de-aired water
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and moved to a position below the base pedestal. After the vacuum has equilibrated, the valves
connecting the tanks to the specimen are reopened, and the tank containing water is raised to
percolate water through the specimen and to the outflow tank (Figure 3.8). Pore pressure at the
bottom and top of the specimen are monitored at this point, and the inflow tank is raised in small
increments of approximately 3-5 cm to avoid imposing large hydraulic gradients across the
specimen.
After sufficient water has been percolated through the specimen, the inflow and outflow valves
connected to the specimen are closed, and the vacuum is applied to the specimen drainage line. A
height measurement of the specimen is taken with the dial gauge, the volume change
measurement transducer (DPT3, see Figure 3.1) is zeroed, and the drainage line to the specimen
is opened.
There are two distinct advantages to using this saturation method. The first advantage, as
discussed by Verdugo and Ishihara (1996), is that saturating the specimen prior to assembling the
triaxial cell allows for the initial volume of the specimen to be measured directly post-water
percolation. The second advantage, which is unique to the current study, is by using two water
tanks and a differential elevation head to percolate water through the specimen, it is possible to
impose a small hydraulic gradient during the percolation process which is desirable when
working with gradations that are believed susceptible to seepage-induced internal instability.
It is widely acknowledged that moist-tamped specimens have a tendency to collapse upon
saturation, as capillary tension allows these specimens to be placed in a meta-stable condition.
Collapse was minimal in the current study, all tests had less than 1% axial strain during water
percolation.
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3.4.1.2

Slurry deposition

The method of slurry deposition used herein is very similar to the original method as proposed
by Kuerbis and Vaid (1988), with slight modifications. The general procedure of the method is
described in the proceeding sections, and relevant steps are shown in Figure 3.9. Reference to
coarse and fine components of soil is in reference to gap-graded BSM sand, and not relevant to
FR sand. FR sand is a uniformly graded sand, and there is no need to separate it into
components.
Materials preparation
Oven-dried sand is pre-weighed and distributed within three to four volumetric flasks, separating
the coarse and fine components (if applicable) into different flasks. The flasks are then partially
filled with de-aired water, and boiled to remove air within the sand. When the material has boiled
for a sufficient duration (typically around 30 minutes), the flasks are removed from the heat
source, cooled, and placed within a vacuum desiccator, to be held under vacuum until sample
formation. The end platen porous disks are boiled separately, and also placed within a vacuum
desiccator.
Preparation of the triaxial base plate
Prior to placing the specimen, the triaxial base pedestal is first prepared to receive the specimen.
A reference height measurement is taken using a dummy specimen and dial gauge in identical
fashion to the moist tamping method. A lower water bath is assembled on top of the triaxial base
plate and filled with de-aired water to a depth of 6 to 8 cm above the pedestal. The triaxial
membrane is placed and sealed around the pedestal using two O-rings, and then rolled down
along the pedestal.
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Mixing the slurry
The slurry is mixed in, and deposited from, an acrylic mixing tube with a length of 12 inches
(30.5 cm) and an inner diameter and thickness of 2.5 inches (6.35 cm) and 1/8 inch (0.32 cm),
respectively. The tube is sealed on one end with a rubber stopper and filled to approximately 0.5
cm below its full height with de-aired water.
The flask(s) containing the fine component of the soil mixture are removed from the vacuum
desiccator, topped with de-aired water and pluviated into the mixing tube (Figure 3.9a). After the
fine component has settled, the same is done with the coarse component of the mixture. Any
material left in the volumetric flasks after pluviation is put aside, to be dried and weighed later.
The tube is then submerged within a large, stand-alone water bath filled with de-aired water and
sealed by placing the second rubber stopper in its top (Figure 3.9b).
Once sealed, the soil is mixed by inverting and rotating the tube continually until the mixture
appears homogenous (Figure 3.9c). The tube is then placed on a level surface, the top rubber
stopper is removed and carefully rinsed using a laboratory squeeze bottle into a pre-weighed dry
pan for excess material. Despite preprocessing of material to remove sub 200 sieve material,
experience showed the excess water within the tube can be quite turbid. Once the sand sized
material within the tube has had sufficient time to settle, the excess water is siphoned from the
tube, to be dried and weighed later, and replaced with clean de-aired water. Typically, the mass
of the fines within the turbid water is very low (less than one gram).
Resealing and placing the tube
The tube is fully submerged within the large water bath. A triaxial membrane, sized smaller than
the tube diameter (61.5 mm diameter, 0.30 mm thickness, cut to approximately 2 cm length) is
pulled over the top of the tube and sealed around the tube using 2 O-rings, such that its top
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overlaps the top edge of the tube. The bottom end platen is assembled and placed over the top of
the tube, sandwiching the membrane between the steel and acrylic, providing a seal to the tube.
A piece of firm rubber is then placed over the bottom of the end platen and held firmly in place
with a finger (Figure 3.9d, see Figure 3.10 for photo of end platen assembly). The tube is then
removed from the water bath, and mixed again until homogeneous and inverted so that the
bottom end platen is at the bottom of the tube, and the rubber stopper is at its top. The end platen
is still held firmly in place with a finger. The tube is transported to the water bath that is mounted
on the triaxial base plate, such that the bottom quarter of the tube is fully submerged. The firm
rubber held to the end platen is carefully removed, and the end platen remains held in place by
water tension within the tube. The tube is lowered onto the hollow base pedestal, such that the
end platen sealing the bottom of the tube is firmly in place within the pedestal (Figure 3.9e). To
this point, the mixture has been sealed or fully submerged in water, thus no air has been allowed
to enter the mixture.
Depositing and sealing the specimen
With the tube in place, the membrane sealed to the base pedestal is rolled up along the tube, the
split mold is assembled around the tube, and the membrane is stretched to the walls of the split
mold with a small vacuum. An upper water bath is affixed to the top of the split mold and the
annulus area between the membrane and the mixing tube is filled with de-aired water. The top
rubber stopper is removed from the mixing tube, thus breaking the seal within the tube. The tube
is then very slowly withdrawn from the split mold, allowing the material within to deposit within
the membrane-lined cavity from essentially zero drop height (Figure 3.9f). Once fully removed,
the top of the specimen is trimmed and leveled by siphoning excess material with a small
vacuum (Figure 3.9g). Once all excess material has been removed, the top water bath is drained,
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and removed from the split mold. The top cap and attached loading rod, saturated and assembled
elsewhere, are then placed on top of the specimen. The specimen membrane is stretched around
the top cap, and sealed using two O-rings placed with a plastic ring to minimize specimen
disturbance. The drainage line to the specimen is opened, and a height measurement is taken
using the dial gauge. At this point the initial specimen dimensions are known from the height
measurements and the inner diameter of the membrane-lined mold. The volume change
measurement transducer (DPT3, see Figure 3.1) is zeroed, a vacuum (20-30 kPa) is applied to the
specimen drainage line, the split mold is removed, and the triaxial cell assembled.
3.4.1.3

Water pluviation

A select number of commissioning tests on uniformly graded FR sand were reconstituted by
water pluviation. Materials and end platens were prepared prior to reconstitution in the same
method as for slurry deposition.
Prior to specimen placement, the base pedestal is saturated, the bottom end platen is placed
within the base pedestal, the membrane is placed and sealed around the base pedestal, the split
mold is assembled, and the membrane is stretched to the sides of the split mold with a small
vacuum. The dummy specimen is placed within the split mold and a reference height
measurement is taken with the dial gauge. A water bath is then assembled to the top of the split
mold, and the mold and water bath are filled with de-aired water. The sand is then pluviated into
the membrane-lined split mold, and the top of the specimen is trimmed and levelled with a small
siphon (as per Figure 3.9g). The water bath is drained, the top cap (saturated and assembled
elsewhere) is placed upon the specimen, and the membrane is sealed around the top cap in the
same manner as the slurry deposition method. The drainage line from the specimen is opened, a
height measurement is taken with the dial gauge, and the volume measurement transducer (DPT3
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see Figure 3.1) is zeroed. A vacuum (20-30 kPa) is applied to the specimen drainage line, and the
split mold is removed.
3.4.2

Triaxial cell assembly

With an effective stress applied to the specimen by means of the vacuum, and the initial
dimensions known, the split mold is removed. The triaxial cell is assembled and the inner and
outer chambers are filled with de-aired water. The cell pressure measurement transducer, TPT2,
is zeroed when the water in the inner chamber is at the midpoint of the triaxial specimen. With
the triaxial cell filled and fully assembled, a reaction bar is fastened to the loading rod assembly.
The stroke of the linear potentiometer is placed on the reaction bar, a final height measurement is
taken with the dial gauge, and the LPOT is zeroed. A loading rod adaptor is attached to the end
of the loading rod and cell pressure is applied to the specimen at a gradual rate to approximately
25-30 kPa, while the vacuum on the specimen is simultaneously removed, such that the effective
stress state of the specimen is unchanged. Finally, the axial load cell is zeroed, the double acting
piston is brought into contact with the loading rod, and the specimen then subject to an isotropic
stress condition.
3.4.3

Backpressure saturation, consolidation and shear

After cell assembly, backpressure was incrementally applied to improve the degree of saturation
of the specimen. Skempton’s B parameter was measured by applying confining stress with
undrained specimen conditions in 30 kPa increments. A B-value ≥ 0.96 was considered
acceptable for the program of testing, although generally a B-value ≥ 0.97 was achieved.
When fully saturated, specimens were consolidated at small rates to avoid buildup of excess pore
water pressure within the specimen. Typically confining stress was applied at rates of 0.6 to 1.2
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kPa per minute during consolidation until the desired confining stress had been reached. All tests
were isotopically consolidated.
After consolidation, the linear actuator mounted on the top of the triaxial reaction frame is slowly
brought into contact with the specimen loading rod. Displacement-controlled shear testing is then
performed by setting a set displacement rate using the stepper motor control system. Specimens
were sheared at a displacement rate of 0.25 mm/min.
The device was commissioned using FR sand for drained and undrained shear (Chapter 4)
however only drained tests were performed on Bennett South Moraine sand. The reason for this
is two-fold. Firstly, the goal of the research program is to characterize the transition material of
the dam, which is predominately a free draining material that is under steady loading conditions.
Secondly, the gradations tested contain medium to coarse sand, where the magnitude of
membrane penetration can be quite large (See Appendix A). It has been shown by Sivathayalan
and Vaid (1998) that significant membrane penetration can hinder the buildup of excess pore
water pressure during undrained testing, such that the test condition is not representative of the
truly undrained condition. Thus, in the absence of a method to simulate a truly undrained
condition within the current device, undrained tests were not performed on the BSM sand
specimens.
3.4.4

Void ratio measurement

As stated at the end of Chapter 2, one of the research objectives is to characterize the CSL of
BSM sand. In order to do this, it is crucial to have an accurate determination of specimen void
ratio. A dial gauge and the calibrated inner diameter of the membrane-lined mold were used to
measure the height and diameter of the specimen, respectively, for moist-tamped, slurrydeposited, and water pluviated test specimens. These measurement methods have been
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demonstrated to minimize errors in void ratio measurement (Vaid and Sivathayalan 1996). The
inner diameter of the membrane-lined mold was determined using the method proposed by Vaid
and Sivathayalan (1996).
The saturation method of Verdugo and Ishihara (1996) used for moist tamping allows for void
ratio measurement post water percolation and prior to assembling the triaxial cell, thus
eliminating otherwise unmeasurable volume changes due to specimen collapse when saturating
these specimens. However, low values of initial saturation post-water percolation and prior to
applying back pressure can lead to erroneous volume change measurements during back pressure
saturation (Sladen and Handford 1987). Thus, the void ratio of a moist-tamped specimen was
also measured using the specimen water content at the end of shearing, using the procedure
proposed by Verdugo and Ishihara (1996). The method was benchmarked on a slurry-deposited
test specimen (slurry-deposited specimens are placed initially saturated, thus the two methods of
void ratio measurement should yield identical results) and found to yield excellent agreement
(within 0.006 in terms of void ratio). In general, the two methods show excellent agreement,
falling within 0.01 for all but two tests (Figure 3.11). The method was used only for gap-graded
BSM sand, as no FR sand specimen were moist-tamped. The lower value of the two
measurements was used for the final void ratio measurement.
3.5

Test program

The test program performed in this study is aimed to address gaps in the current body of
knowledge outlined in Chapter 2. The objectives of the test program are outlined below.
3.5.1

Tests on FR sand

o Commission the test device for drained and undrained shear, benchmarking results
against data of previous studies.
60

o Compare similarities in mechanical response of slurry-deposited and water pluviated
specimens.
o Determine if a unique critical state can be reached within the constraints of the newly
designed test apparatus.
3.5.2

Tests on BSM sand

This test program is designed to address gaps in knowledge regarding the mechanical behavior of
sand sized gap gradations with varying fabric and microstructure. Specifically, this program of
testing aims to:
o Characterize a new sand, Bennett South Moraine (BSM) sand, within a critical state
framework and benchmark it against other previously established materials.
o Examine differences in response due to initial fabric arising from two methods of
reconstitution (moist tamping and slurry deposition).
o Test the uniqueness of the critical state in triaxial compression for gap-graded BSM sand
with respect to initial void ratio and reconstitution method.
o Examine how variations in microstructure affect critical state parameters.
As mentioned previously, only drained tests were performed as this is the field loading condition
the experimental program aims to model. All tests were performed at an effective confining
stress of 100 kPa, such that different mechanical behavior due to fabric, gradation and density
could be discerned. A flow chart depicting the test program is shown in Figure 3.12. The test
program aims to begin to characterize gap-gradations of BSM sand in a critical state framework,
which can be incorporated into subsequent studies of the project to generate a dataset of critical
state data of uneroded material with which to compare to the shear response of eroded material.
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Table 3.1 BSM sand material properties

Material
BSM-6/14 sand
BSM-10/18 sand

Mineralogy

Gs

D50
(mm)

Cu

S50QP

Cx50QP

71% Silicate, 24%
carbonate, 5%
miscellaneous

2.68

2.10

1.3

0.87

0.97

2.68

1.50

1.4

0.87

0.97

Angularity

Subangular
BSM-70/140 sand

65% Silicate, 29%
carbonate, 6%
miscellaneous

2.71

0.15

1.3

0.90

0.92

S50QP, Cx50QP = median sphericity and convexity, respectively, as measured by QicPic device
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Figure 3.1 Schematic of UBC triaxial permeameter apparatus (not to scale, only relevant features shown)
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Figure 3.2 UBC triaxial permeameter apparatus

Figure 3.3 FR sand grain size distribution curve
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Figure 3.4 Bennett South Moraine Borrow Source sampling and photo location plan ii

The basemaps used in this figure are republished with permission of Canadian Geotechnical Journal, from Morgan
and Harris (1967); permission conveyed through Copyright Clearance Center,Inc.

ii
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Figure 3.5 Bennett South Moraine Borrow Source in October 2018 (view SW towards Portage Mountain)

Figure 3.6 BSM sand grain size distribution curves
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Figure 3.7 Moist tamping equipment (mold collar not pictured)

Figure 3.8 Saturation method used for moist-tamped specimens (after Verdugo and Ishihara 1996)
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Figure 3.9 The slurry deposition method (after Kuerbis and Vaid 1988, slightly modified)
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Figure 3.10 Sealed slurry deposition mixing tube arrangement (schematically shown in Figure 3.9d)

Figure 3.11 Comparison of void ratio measurement by water content and specimen dimensions
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Figure 3.12 BSM sand test program

70

Chapter 4: Uniformly graded FR sand
Eight commissioning tests were performed on isotropically consolidated specimens of FR sand,
and are summarized in Table 4.1. The logic of the test program is the following:
o Four tests were performed at relatively low effective confining pressure (effective
confining pressure at the end of consolidation, σ′rc, of 40 kPa and 50 kPa for two
undrained and two drained tests, respectively).
o Four tests were performed at a moderate level of σ′rc (σ′rc = 200 kPa for two undrained
and two drained tests).
o The tests at low σ′rc were all reconstituted by water pluviation and tests were repeated.
o Tests at a moderate level σ′rc were reconstituted by slurry deposition and water pluviation
to compare similarities in mechanical response between reconstitution methods.
o σ′rc values were chosen to replicate those of Thomas (1992) and Eliadorani (2000) on
water pluviated FR sand as a basis for benchmarking results.
o All tests were performed on specimens at their as deposited void ratio (no densification
post specimen placement).
4.1

Drained test results

Four isotopically consolidated, drained triaxial compression tests were performed. Results are
shown in terms of q-εa and εv-εa plots (Figure 4.1). All specimens exhibited predominately
dilative behavior, characterized by an initial contraction followed by subsequent dilation to the
end of test, such that the overall response was a net increase in volume (or trending towards a net
increase). Tests consolidated to σ′rc = 200 kPa exhibited a larger contractive tendency, despite
being slightly denser than the specimens tested at σ′rc = 50 kPa (Table 4.1, Figure 4.1b).
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All specimens reached a peak strength at the point of maximum dilation, followed by slight,
gradual strain softening to the end of test. The tests at σ′rc = 50 and σ′rc = 200 kPa reached a point
of maximum contraction (MC) at εa ≈ 2%, and εa ≈ 5%, respectively. The tests performed at σ′rc
= 200 kPa exhibited slightly lower maximum rates of dilation (Dmin, represented by the minimum
rate of change in εv with respects to the change in εa, -(dεv/dεa)min, as compressive strains are
positive, determined using the central difference method) than those at σ′rc = 50 kPa (Figure 4.2).
An average peak friction angle, ϕP, of 36° was measured for the tests at σ′rc = 50kPa and σ′rc =
200 kPa confining stress. Tests taken to εa larger than 20% show a clear tendency towards a
constant volume and stress condition (Figure 4.1), although by the end of testing have not fully
reached the critical state.
4.2

Undrained test results

Four isotopically consolidated, undrained triaxial compression tests were performed. Results are
shown in terms of q-p′ and q-εa plots (Figure 4.3). Like the drained tests, all tests exhibited a
predominately dilative response. This is characterized by initially positive excess pore water
pressure (Δu) at low εa followed by phase transformation (PT) and reducing Δu to the end of test,
such that Δu at the end of tests is negative (Figure 4.3a). At similar relative densities, tests at σ′rc
= 40 kPa exhibited larger dilative tendencies to tests at σ′rc = 200 kPa (tests at σ′rc = 40 kPa had
lower Δu at the end of testing, and reached PT at εa ≈ 0.6% compared to εa ≈ 2%) (Figure 4.3). It
is important to note that the back pressures used during testing ensured that the absolute values
of u during shear were positive, thus cavitation of pore fluid was not a concern.
Generally, denser specimens exhibit a stiffer response than looser specimens at the same σ′rc
(Figure 4.3b), however the response in terms of friction angles (q-p′ relations) between tests are
nearly identical, although less contractive tendency is evident (lower values of Δu at the same
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value of εa) in denser specimens at the same σ′rc (Figure 4.3). The friction angle at PT (ϕPT) and
maximum obliquity (ϕMO) were measured as 32° and 36°, respectively. All specimens were
sheared to εa larger than 20%, where tests trend towards a constant stress state indicative of the
critical state.
4.3
4.3.1

Analysis and discussion of FR sand tests
Drained triaxial tests

Tests show very good agreement with loosest deposited, water pluviated tests performed by
Eliadorani (2000) (Figure 4.1). Dmin at σ′rc = 50 kPa and σ′rc = 200 kPa are nearly identical to
those reported by Eliadorani (2000) (Figure 4.2). Tests within the current study are shown to be
very repeatable, with slight variations attributed to differences in relative density (see tests FRD-WP-50 and FR-D-WP-50R, Figure 4.1).
Figure 4.4 shows the similarity in response of slurry-deposited and water pluviated test specimen
tested at approximately the same post-consolidation void ratio (ec). The response is nearly
identical, supporting the findings of Kuerbis and Vaid (1988) for 20/40 Brenda sand. This is
further evidence that slurry deposition creates a similar fabric to water pluviation, which in turn
is believed to create a similar fabric to fluvial deposits (Oda et al. 1978, Vaid et al. 1999).
4.3.2

Undrained triaxial tests

Comparison to loosest deposited, water pluviated tests performed by Eliadorani (2000) and
Thomas (1992) show good agreement (Figure 4.3), with small differences likely attributable to
differences in initial density and subtle differences in tested material (e.g. gradation,
mineralogy). Similarly, tests within the current study show good repeatability, with difference in
stress-strain relations attributable to small variations in density, particularly at σ′rc = 40 kPa
where such variations will exert a larger influence on response. The FR-UD-SD-200 test
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specimen, reconstituted by slurry deposition, shows the same general response to its water
pluviated counterpart (FR-UD-WP-200), however, differences in placement density yield
differences in stress-strain response.
The average friction angle at phase transformation (ϕPT) and maximum obliquity (ϕMO) were
calculated as 32° and 36°, respectively. A ϕPT =32° is the same as reported by Thomas (1992)
and Eliadorani (2000), and ϕMO = 36° is the same as reported by Thomas (1992), and slightly
lower than Eliadorani (2000) (37°).
4.3.3

Critical state

Of the eight tests performed, five tests were considered to be sufficiently close to the critical
state at the end of shearing to develop critical state parameters. These tests were extrapolated,
following procedures proposed by Murthy et al. (2007) and by Ghafghazi and Shuttle (2005),
discussed in detail in Appendix A. Briefly, stress-strain relations were extrapolated using
sigmoidal fitting functions in a curve fitting procedure identical to Murthy et al. (2007) for both
drained and undrained tests. Stress ratios for drained tests were extrapolated using the stressdilatancy method proposed by Ghafghazi and Shuttle (2005), and applied to undrained tests.
Data were extrapolated a maximum of 38 kPa in terms of mean effective stress (maximum of
11% of the end of test mean effective stress), and 0.007 in terms of void ratio for drained tests.
End of test and extrapolated data in e-p′ and q-p′ space are shown in Figure 4.5a and 4.6,
respectively. The data are compared to data for FR sand presented by Chillarige et al. (1997) and
Ghafghazi et al. (2014) (Figure 4.5b and 4.6). The CSL is represented as a straight line in e-logp′
space.
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4.3.3.1

CSL projection in e – p′ plane

In the compression plane, extrapolation is shown to have a negligible effect on critical state
parameters (Figure 4.5a). Extrapolated data yield a slightly less inclined CSL than end of test
data (λ = -0.064 for extrapolated vs. λ = -0.066 for end of test). This indicates the end of test
condition is close to the critical state, and while extrapolation of individual tests is necessary, its
effects are insignificant. Drained and undrained tests were observed to converge to a common,
CSL for the current study.
CSL parameters exhibit good agreement with Chillarige et al. (1997) in the compression plane:
the lines are essentially parallel to one another (Figure 4.5b), with a small difference in the CSL
intercept at 1 kPa, Γ (1.11 vs. 1.07). The difference is likely attributable to variations in
properties of the FR sands. Chillarige et al. (1997) reported a Gs 2.75 and emax = 1.00; whereas
the FR sand used in the current study has Gs = 2.69 and emax = 0.94. The material used in the two
studies were sampled from different locations within the Fraser River delta at different times.
The material used in the current study was wash-sieved to removal material passing the #200
sieve, while Chillarige et al. (1997) reports a fines content of approximately 5%. Thus, the
agreement between the two studies is believed good.
The data of Ghafghazi et al. (2014) plots slightly lower in e-p′ space than the current study, with
an apparently steeper slope of the locus. Like the study by Chillarige et al. (1997), the FR sand
used by Ghafghazi et al. (2014) has different measured properties than the current study (Gs =
2.72, emax = 0.99). It is important to note that FR sand is not a standard sand, thus the material
has spatial and temporal variations with sampling location and year.
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4.3.3.2

CSL projection in q – p′ plane

An average MTC was determined from individually extrapolated drained tests. For undrained
tests, p′CS is extrapolated, but qCS is unknown; therefore MTC as determined from drained tests
was applied to undrained tests to provide an estimate of qCS. Similar to critical state parameters
in e-p′ space, extrapolation was observed to have a negligible effect on the stress ratio at the
critical state (Figure 4.6). The end of test stress ratio (ηEOT) for the 5 tests is 1.39 (ϕEOT = 34.4°),
and the extrapolated critical state stress ratio (MTC) was estimated to be 1.36 (ϕ = 33.7°). Thus
the critical state friction angle ϕCS ≈ 34°.
Concern exists that the critical state is not attained in the triaxial device, owing to constraints of
the apparatus, and possible boundary effects and non-uniformities that may develop at large
strain. It is desirable then to validate large strain measurements with ones from small strains,
where test corrections (e.g. area correction, membrane stress correction) and related assumptions
are less influential, and non-uniformities are less prominent.
Negussey et al. (1988) reported that ϕCS for granular material determined from ring shear tests
has excellent agreement to ϕPT as determined from undrained triaxial tests. The same was found
to be true for the angle of internal friction at MC (ϕMC) from drained triaxial tests, albeit with a
weaker correlation. Similarly, Verdugo and Ishihara (1996) reported ϕ for Toyoura sand at the
quasi steady-state (QSS) (a specific form of phase transformation) and the steady state (SS) were
the same for undrained tests. The stress condition at PT and MC for the current study are plotted
in Figure 4.6 alongside the end of test and extrapolated critical state stress conditions. Small
strain data show excellent agreement with the end of test and extrapolated stress conditions,
giving confidence to the overall performance of the system as well as the accuracy of the large
strain measurements.
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Data from Chillarige et al. (1997) and Ghafghazi et al. (2014) are also plotted in Figure 4.6.
Critical state stress data (i.e. p′CS and qCS) were taken from each of the studies within the same
working stress range of the current study (to ≈ 600 kPa), and less than the approximate threshold
for particle breakage (reported as approximately 800 kPa by Ghafghazi et al. 2014). Data from
both studies yield an MTC ≈ 1.39 (or ϕCS ≈ 34.4°) and show excellent agreement with the current
study. Additionally, Sivathayalan (2000) reported an angle of internal friction for PT, QSS, and
SS together (ϕPT/QSS/SS) of 34° for FR sand. The agreement of all the studies, performed
independently of one another, give confidence to the accuracy of the results generated within the
current study by the newly designed triaxial permeameter.
4.4

Summary

A total of 8 tests were performed on FR sand, with the objective of commissioning the newlydeveloped triaxial permeameter. The tests show good repeatability in both drained and undrained
triaxial compression tests. Claims by Kuerbis and Vaid (1988) on the use of the slurry deposition
technique to replicate the mechanical response of water deposited material were verified.
Although the critical state was not strictly attained in any of the tests, 5 of the 8 tests were
sufficiently close to permit critical state interpretation. Extrapolation of the data was observed to
have a negligible impact on critical state parameters. Data for the FR sand of the current study
agree well with previous studies at small to intermediate levels of strain, and at the critical state,
with some subtle differences attributed to small variations in properties of the individual sand
sample of each study. With these suite of tests, the performance of the device and experimental
methods are verified for testing of a new material, namely BSM sand.
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Table 4.1 FR sand test summary
Post consolidation
Test code

B-value

End of test

Extrapolated critical state

p′c
(kPa)

ec

Dr
(%)

qEOT
(kPa)

p′EOT
(kPa)

eEOT

p′CS
(kPa)

qCS
(kPa)

eCS

48

0.905

10

128

95

0.938

88

116

0.94

FR-D-WP-50

0.99

FR-D-WP-50R

0.99

50

0.915

7

132

98

0.942

89

118

0.95

FR-D-WP-200

0.97

199

0.894

14

532

377

0.895

368

504

0.90

FR-D-SD-200

0.98

198

0.895

13

549

383

0.885

FR-UD-WP-40

0.99

40

0.895

13

518

362

0.895

FR-UD-WP-40R

0.98

40

0.906

10

466

339

0.906

377

515

0.91

FR-UD-WP-200

0.97

198

0.900

12

603

438

0.900

470

642

0.90

FR-UD-SD-200

0.97

197

0.877

19

621

443

0.877

N/A
N/A

N/A

Notes:
D = drained, UD = undrained, WP = water pluviation, SD = slurry deposition, R = repeated test, N/A = not used for critical
state interpretation due to magnitude of extrapolation required and uncertainty in curve fitting
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Figure 4.1 Drained response of loosest deposited FR sand in terms of (a) q-εa and (b) εv – εa with comparison
to loosest deposited test results of Eliadorani (2000)
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Figure 4.2 Variation of the maximum rate of dilation with effective radial confining stress for loosest
deposited FR sand with comparison to loosest deposited tests results of Eliadorani (2000)
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Figure 4.3 Undrained response of loosest deposited FR sand in terms of (a) q – p′ (b) q-εa with comparison to
loosest deposited test results of Thomas (1992) and Eliadorani (2000)
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Figure 4.4 Drained response of specimens reconstituted by slurry deposition and water pluviation in terms of
(a) q-εa and (b) εv – εa
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Figure 4.5 CSL of FR sand in the compression plane, with comparison between (a) un-extrapolated and
extrapolated parameters and (b) the current study and those of Chillarige et al. (1997) and Ghafghazi et al.
(2014)
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Figure 4.6 CSL of FR sand in q-p′ space with comparison to small strain measurements and data of
Chillarige et al. (1997) and Ghafghazi et al. (2014)

84

Chapter 5: Gap-graded BSM sand
A series of 12 isotropically consolidated drained shear tests, all at σ′rc = 100 kPa, were performed
on three gradations of BSM sand (Table 5.1). For each gradation tested specimens were
reconstituted by slurry deposition and moist tamping. All slurry-deposited specimens were
reconstituted to their “loosest deposited” state (i.e. no densification post placement), as
densification was found to result in particle segregation.
To examine differences in shear response due to reconstitution method, an attempt was made to
prepare moist-tamped specimens to approximately the same post consolidation void ratio (ec) as
slurry-deposited tests. As this can be quite challenging, in gradations where this was not
achieved moist-tamped specimens were reconstituted to higher and lower values of ec than
slurry-deposited tests. Looser than the “loosest deposited” condition by slurry deposition is
considered to be “loose”, and denser than the loosest deposited condition is considered to be
“dense” for moist-tamped tests.
5.1

Gradation BSM-7:15

Three tests were performed on gradation BSM-7:15, two moist-tamped and one slurry-deposited.
Results are shown in series of stress-strain plots, consisting of q – εa, εv – εa (Figure 5.1), e-p′ and
e – εa (Figure 5.2). All tests exhibit a contractive - dilative response, characterized by initial
contraction followed by subsequent dilation to the end of test. Stress-strain responses of the three
tests are very similar; ϕP varies by less than 1° between the three tests (36.4° to 37.1°).
Test specimens BSM-7:15-MT-L-100-2 and BSM-7:15-SD-LD-100-1 were tested at
approximately the same void ratio ec = 0.693 and 0.685, respectively. The difference in stressstrain response between the two methods of specimen reconstitution is marginal. The slurry-
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deposited test had a larger initial stiffness than the moist-tamped specimen (Figure 5.1a). It also
attained a lower peak strength (ϕP = 36.4° vs. ϕP = 37.1°) at a smaller εa ≈ 12% vs εa ≈ 15%), and
underwent less contraction and a smaller rate of maximum dilation, Dmin = 0.13 vs. Dmin = 0.15
(Figure 5.1b, Table 5.1).
Test specimen BSM-7:15-MT-L-100-1 was tested at an ec 0.029 larger than BSM-7:15-SD-LD100-1 (Table 5.1), yet the same trend is observed. The measured differences in response between
specimens reconstituted by the two methods are very small however.
Regardless of reconstitution method, tests converge to a common stress and void ratio at large
strains, with minimal scatter in the data (Figure 5.1a and 5.2). None of the tests reach a truly
constant volume and stress condition, however each is clearly trending towards a constant stress
and void ratio. End of test void ratios had excellent agreement, with a scatter of 0.009 between
the three tests.
5.2

Gradation BSM-7:35

Five tests were performed on gradation BSM-7:35, three of which were moist-tamped and two
slurry-deposited (Figure 5.3 and 5.4). The tests were performed on a range of void ratio (0.456 ≤
ec ≤ 0.498), with shear response ranging from fully contractive (see test BSM-7:35-MT-L-100-1)
to predominately dilative (see test BSM-7:35-MT-D-100-1).
Test specimen BSM-7:35-MT-L-100-1R is a repeat test of BSM-7:35-MT-L-100-1. Both moisttamped specimens are contractive, and reach the critical state at moderate levels of εa (Figure 5.3
and 5.4). The tests reach the same ϕP (36.0°) and approximately the same critical state friction
angle, ϕCS (35.7° and 35.8°) and void ratio, eCS (0.469 and 0.471), showing excellent
repeatability (Table 5.1).
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Two slurry-deposited specimens were tested at a similar ec (ec = 0.481 and ec = 0.478 for BSM7:35-SD-LD-100-1 and BSM-7:35-SD-LD-100-2 respectively), representative of the loosest
deposited state of the material. Nonetheless, the specimens were still denser than loose moisttamped specimens (Table 5.1). Both specimens exhibited contractive-dilative behavior,
characterized by an initial contraction followed by dilation until the end of test. While quite
similar in terms of ec, Sf varies by approximately 3% between the specimens (Table 5.1). Despite
differences in specimen characteristics, a near identical ϕP was reached by both tests, albeit at
different εa (36.5° and 36.9° at εa ≈ 7% and εa ≈ 13% for BSM-7:35-SD-LD-100-1 and BSM7:35-SD-LD-100-2 respectively). Test specimen BSM-7:35-SD-LD-100-2, which had slightly
lower Sf was observed to have a more intense initial contraction and subsequent dilation. The
tests still were observed to be slightly dilating at the end of test, the end of test friction angles
were measured as 35.3° and 35.2° for BSM-7:35-SD-LD-100-1 and BSM-7:35-SD-LD-100-2,
respectively.
BSM-7:35-MT-D-100-1, the densest of the 5 tests, is predominately dilative, with a small initial
contraction followed by dilation to the end of testing. The test exhibited a significant peak
strength (ϕP = 41.1°) at εa ≈ 1.5%, followed by strain softening to the end of test. The specimen
experienced shear localizations post peak strength (Figure 5.5a and 5.5b), and thus global
measurements of εv appear significantly altered post-peak strength (Figure 5.3 and 5.4). This is
likely a result of strain localization within the test specimen, and therefore the measured global
volumetric strain is not indicative of local values. Accordingly, the test result was not used to
interpret critical state parameters.
It can be observed that despite apparently small variations in ec (approximately 0.04 to 0.05
between the loosest, BSM-7:35-MT-L-100-1, and densest, BSM-7:35-MT-D-100-1 tests), the
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stress-strain response varies significantly between tests, becoming increasingly dilatant as ec
decreases. The ϕP varies by approximately 5° (41.1° to 36.0°) between the densest and loosest
specimen, respectively. It is interesting to note that the range in ec tested is similar to gradation
BSM-7:15 (ec varied by 0.03 for gradation BSM-7:15), yet the stress-strain response is
significantly more varied.
Qualitative observations on differences in small strain behavior due to differences in
reconstitution method are inconclusive due to differences in ec for specimens reconstituted by the
two methods. Slurry-deposited specimens by the end of shearing are nearly, but not truly at a
critical state. Conversely, loose moist-tamped tests are nearly at the critical state at εa ≈ 10% and
fully reach the critical state at εa ≈ 15%.
It can be observed from the data that tests trend towards a common, constant void ratio and stress
ratio at large strains (Figure 5.3a and 5.4). The critical void ratio, eCS and stress, p′CS and qCS, are
found independent of reconstitution method and initial void ratio, provided no zones of
significant localization exist within the specimen.
5.3

Gradation BSM-10:35

Four tests were performed on gradation BSM-10:35, three of which were reconstituted by moist
tamping and one of which was reconstituted by slurry deposition (Figure 5.6 and 5.7). Similar to
gradation BSM-7:35 the tests were performed on a range of void ratio (0.383 ≤ ec ≤ 0.432), with
shear response ranging from fully contractive (see test BSM-10:35-MT-L-100-1) to
predominately dilative (see test BSM-10:35-MT-D-100-1).
Loose moist-tamped specimens BSM-10:35-MT-L-100-1 and BSM-10:35-MT-L-100-2 are
contractive, and both reach a constant volume, stress condition at low values of εa (εa ≈ 5-10%).
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Conversely, the denser, more dilatant slurry-deposited specimen (BSM-10:35-SD-LD-100-1) is
observed to be undergoing slight dilation at εa > 20% by the end of test (Figure 5.6b and 5.7b).
BSM-10:35-MT-D-100-1, the densest of the 4 tests, is predominately dilative, with a small initial
contraction followed by dilation to the end of testing. The test exhibited a significant peak
strength (ϕP = 45.4°) at εa ≈ 1.0%, followed by strain softening to the end of test. The specimen
experienced shear localizations post peak strength (Figure 5.5a and 5.5b). Like test specimen
BSM-7:35-MT-D-100-1, trends in global volume change measurements appear to be
significantly altered post peak strength (Figure 5.6b and 5.7). Accordingly, the test result was not
used to interpret critical state parameters.
Similar to gradation BSM-7.0:35, it can be observed that despite apparently small variations in ec
(approximately 0.05 between the loosest, BSM-10:35-MT-L-100-1, and densest, BSM-10:35MT-D-100-1, tests), the stress-strain response varies significantly. Tests show an increasingly
dilative tendency, and attain higher peak strengths as ec decreases. The ϕP varies approximately
8° (45.4° to 37.1°) between the densest and loosest specimen, respectively.
Differences in ec of specimens reconstituted by moist tamping and slurry deposition make
qualitative observations of differences stress-strain behavior somewhat inconclusive. However it
can be observed that, despite being tested at higher values of ec test specimens BSM-10:35-MTL-100-1 and BSM-10:35-MT-L-100-2 exhibit a larger initial stiffness than test specimen BSM10:35-SD-LD-100-1 (Figure 5.6a). This could be an artifact of high stresses imparted on the
specimen during the tamping process, which may result in testing of specimens with an apparent
stress history (Frost and Park 2003).
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It can be observed that regardless of ec or specimen reconstitution method, tests trend towards a
constant, common void ratio and stress condition (Figure 5.6 and 5.7). The critical state is fully
reached by loose moist-tamped specimens BSM-10:35-MT-L-100-1 and BSM-10:35-MT-L-1002. Slurry-deposited test, BSM-10:35-SD-LD-100-1, is nearly at a constant volume and stress
condition by the end of test, however still dilating slightly. Like with other gradations, there is
minimal variation in the end of test void ratios, provided significant localizations did not occur
within the test specimens.
5.4

Summary

Twelve isotropically consolidated, drained shear tests were performed on three gap-gradations of
BSM sand. Microstructure and particle packing properties were varied between gradation by
varying Sf and D′15/d′85. Two methods of specimen reconstitution (moist tamping and slurry
deposition) were used. Shear behavior ranged from fully contractive to predominately dilative.
As Sf increased, stress-strain response was observed to vary significantly with small variations in
ec. For all three gradations, tests were observed to converge to a common, constant void ratio and
stress ratio by the end of test, independent of ec and reconstitution method, provided significant
localizations did not occur within the specimen. Tests were observed to reach the critical state at
εa ≈ 5% in some tests, and in others did not reach a truly constant stress-void ratio condition by εa
> 25%, dependent on the initial state of the test specimen prior to shearing. While some tests
were still dilating slightly by the end of test, the majority of these were considered close enough
to a constant stress-void ratio condition for critical state interpretation, provided no localizations
were observed.
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Table 5.1 BSM sand test summary
Post
consolidation

Initial conditions

Peak

Extrapolated critical
state

End of test

Test code
BSM-7:15-MT-L-100-1

Sf
(%)
15.2

Bvalue
0.98

p′0
(kPa)
52

e0
0.722

p′c
(kPa)
102

ec
0.714

Dmin
0.138

ϕP
36.7

qEOT
(kPa)
274

p′ EOT
(kPa)
191

eEOT
0.691

CS
No

p′CS
(kPa)
189

qCS
(kPa)
265

eCS
0.70

BSM-7:15-MT-L-100-2

15.1

0.98

34

0.702

101

0.693

0.149

37.1

277

193

0.682

No

189

265

0.69

BSM-7:15-SD-LD-100-1

15.3

0.98

35

0.694

99

0.685

0.131

36.4

256

186

0.690

No

182

247

0.69

BSM-7:35-MT-L-100-1

35.1

0.98

61

0.501

104

0.498

0.014

36.0

278

192

0.469

Yes

-

BSM-7:35-MT-L-100-1R

35.0

0.97

48

0.500

100

0.496

0.005

36.0

278

192

0.471

Yes

-

BSM-7:35-MT-D-100-1

34.7

0.97

47

0.456

100

0.454

0.425

41.1

272

192

0.459

No

BSM-7:35-SD-LD-100-1

36.2

0.98

46

0.485

100

0.481

0.061

36.9

276

193

0.478

No

195

N/A
283

0.48

BSM-7:35-SD-LD-100-2

33.0

0.98

37

0.485

99

0.478

0.074

36.6

274

193

0.475

No

192

272

0.48

BSM-10:35-MT-L-100-1

34.9

0.97

45

0.436

100

0.432

0.023

37.1

296

199

0.421

Yes

-

BSM-10:35-MT-L-100-2

34.8

0.98

31

0.423

100

0.419

0.029

37.3

300

201

0.412

Yes

-

BSM-10:35-MT-D-100-1

34.7

0.96

40

0.384

100

0.383

0.750

45.4

306

204

0.405

No

BSM-10:35-SD-LD-100-1

36.5

0.98

57

0.416

99

0.413

0.112

38.9

310

205

0.421

No

204

N/A
306

0.42

MT = moist tamping, SD = slurry deposition, L = loose, D = dense, LD = loosest deposited by slurry deposition, R = repeated test, p′0, e0 = mean effective stress and void ratio
post backpressure saturation, Yes = critical state reached, No = still dilating at end of test, N/A = not used in critical state interpretation due to significant zones of strain
localization
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Figure 5.1 BSM-7:15 drained test results in terms of (a) q-εa and (b) εv – εa
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Figure 5.2 BSM-7:15 drained test results in terms of (a) e-p′ and (b) e – εa
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Figure 5.3 BSM-7:35 drained test results in terms of (a) q-εa and (b) εv – εa
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Figure 5.4 BSM-7:35 drained test results in terms of (a) e-p′ and (b) e – εa
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Figure 5.5 Deformation characteristics of (a) and (b) a specimen with localized zones of shearing and (c) and
(d) a specimen without localized zones of shearing (note scale is for vertical direction, horizontal view is
distorted by triaxial cells)
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Figure 5.6 BSM-10:35 drained test results in terms of (a) q-εa and (b) εv – εa
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Figure 5.7 BSM-10:35 drained test results in terms of (a) e-p′ and (b) e – εa
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Chapter 6: Analysis and discussion
This chapter is concerned primarily with the analysis and discussion of results on the gap-graded
Bennett South Moraine (BSM) sand, as it is the main focus of the study. The Fraser River (FR)
sand data are briefly discussed in benchmarking the BSM sand. Analysis is concerned primarily
with the critical state of the three gradations, and differences in behavior due to variation in
microstructure/ fabric arising from density, reconstitution method, and gradation. The BSM sand
behavior is then compared with previous studies on clean and gap-graded material.
6.1
6.1.1

The critical state
The triaxial device and the critical state

As discussed in Chapter 4, although the triaxial device has been used in many studies to generate
critical state data for sands, it has often been thought that data acquired at large strain are
unreliable due to significant corrections (e.g. area correction) and shear localization in dense
specimens. The consequence of localized zones of concentrated shear is apparent in the stressstrain response of specimens BSM-7:35-MT-D-100-1, and BSM-10:35-MT-D-100-1, where
shear localizations were apparent (Figure 5.5a and 5.5b). Thus, with these tests, global void ratio
measurements are not representative of local zones within the specimen, which may reach a
critical state (Jang and Frost 2000).
Figure 5.5d is of a loose test specimen exhibiting barreling deformation at high strains, however
no concentrated zones of shear are observed within the specimen. It should be noted that the area
correction used assumes the specimen deforms as a right cylinder, thus there is variation from
this assumption. While taken to εa ≈ 20%, the pictured test specimen (BSM-7:35-MT-L-100-1R)
reaches a nearly constant volume and stress condition by εa ≈ 10% (Figure 5.3 and 5.4) where the
deformed shape closely resembles that in Figure 5.5c and the assumptions of area correction are
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believed more reasonable. Given the convergence of dilatant tests taken to εa > 20% with
contractive tests that reach the critical state at εa ≈ 5-10% to a common MTC and eCS, (see for
example Figure 5.3a and 5.4) inaccuracies associated with the assumption of right cylindrical
deformation are expected to be small and inconsequential. As mentioned in Chapter 4, small
strain measurements were used to verify those at large strains with excellent agreement.
6.1.2

BSM sand critical state

As discussed in Chapter 5, not all tests reached the critical state by the end of shearing. For the
majority of these tests, small extrapolations were made using methods discussed in Appendix A.
Of the 12 tests performed, 10 were used for critical state interpretation, with 6 of these 10
slightly extrapolated (Table 5.1). Critical state parameters for the three gradations of BSM sand
are summarized in Table 6.1, Table 6.2, and Figure 6.1.
Because of the density range tested with gradations BSM-7:35 and BSM-10:35, the MTC of
individual tests can be compared to the anticipated value using the Bishop method (Bishop 1971,
Vaid and Sasitharan 1992, Ghafghazi and Shuttle 2005), (Figure 6.2). The Bishop method uses
measurements of peak stress ratio (ηmax) and peak dilatancy, (Dmin, coincident with ηmax), which
typically occur at low to intermediate strain where non-uniformities within specimens are likely
less and test corrections (e.g. area correction, membrane stress correction) are smaller in
magnitude. Dmin is formulated as -(dεv/dεa)min in the current study.
There is excellent agreement in MTC between individual tests that reach the critical state,
individual tests that are extrapolated using the stress-dilatancy method, and the MTC as
determined from the Bishop method (Table 6.1). Additionally, the absolute range between eCS
and MTC of individual tests within each gradation is small (Figure 6.1, Table 6.2).
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While different expressions have been used to represent dilation (e.g. in terms of dεv/dεq or
dεv/dγ) when examining the ηmax – Dmin trend, the specific form has been shown to be
inconsequential when deriving MTC from the trend (for example the data of Vaid and Sasitharan
(1992) has been interpreted with all three representations Dmin between the original publication
and Ghafghazi and Shuttle (2005), with the same resulting value of MTC).
6.2
6.2.1

Fabric and microstructure
Density

Gradations BSM-7:35 and BSM 10:35 were tested over a larger range of ec (Table 5.1), as these
were thought to be susceptible to transitional behavior. The critical state was found to be
independent of ec for both gradations. The response of tests on each gradation ranged from
contractive to predominately dilative, yet all tests trended towards a common eCS and MTC (see
stress-strain plots for each gradation in Chapter 5). Thus it appears that the gradations are not
susceptible to a transitional mode observed for other gap-graded sand mixtures (e.g. Kwa and
Airey 2016, Shipton and Coop 2015).
6.2.2

Reconstitution method

Due to differences initial void ratio and possible stress history effects resulting from stresses
imparted during the tamping process of moist-tamped specimens (Frost and Park 2003),
qualitative differences in stress-strain response between moist-tamped and slurry-deposited tests
are fairly inconclusive. Tests on gradation BSM-7:15 perhaps show the clearest evidence of the
difference in shear response of the two fabrics. Slurry deposition appears to result in less
contraction and dilation, and a smaller peak strength reached at lower strains, than moist-tamped
specimens. As mentioned in Chapter 5, these differences are small. Slurry-deposited specimens,
despite being tested in their “loosest deposited state”, all exhibited partially dilative shear
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response regardless of Sf. This is unsurprising, as water deposited sub-angular sands have been
shown to exhibit predominately dilative behavior in triaxial compression (Vaid et al. 1999).
Water pluviated sand has been observed to result in a strong preferential orientation of contact
normals, which is believed to cause anisotropic loading behavior (Oda et al. 1978). Moist
tamping on the other hand appears to result in less defined orientation of contact normals, where
primary and secondary maxima of contact normal orientations have been observed (Mulilis et al.
1975). While pluviation was not used here, slurry deposition yields similar material response to
water pluviation (Figure 4.4, Kuerbis and Vaid 1988).
When examining deformation characteristics under hydrostatic loading of BSM specimens
reconstituted by moist tamping and slurry deposition (Figure 6.3), it can be observed that slurry
deposition results in a large ratio of εr to εa (approximately 2.4:1), while moist tamping results in
a ratio of radial axial strain of approximately one. The figure includes four additional data points
from tests used for membrane penetration determination and related materials characterization.
The finding supports the postulation that water deposition results in a highly anisotropic fabric,
and may indicate that moist tamping results in a more isotropic fabric.
Despite these differences, it can be observed from stress-strain curves of individual gradations
(Chapter 5) as well as Figure 6.1 and Table 6.2 that a unique eCS and MTC are reached regardless
of reconstitution method. It can be concluded that the critical state is independent of
reconstitution method, and thus shearing yields a new, unique fabric at the critical state.
6.2.3

On the influence of D′15/d′85 ratio

Gradations BSM-7:35 and BSM-10:35 both have Sf = 35%. D′15/d′85 is altered by varying the
coarse component for each gradation. The coarse components used for both gradations (BSM-
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6/14 and BSM-10/18 sand) have the same mineralogy and shape, and the only measurable
differences between the coarse components is the grain size distribution (Table 3.1, Figure 3.6).
Despite this, there is a difference in the critical state parameters of the two gradations. Gradation
BSM-7:35 yields a higher plotting position in the compression plane (Figure 6.1), and a smaller
value of MTC than gradation BSM-10:35 (Table 6.1).
Differences in D′15/d′85 of the two mixtures controls the microstructure and packing arrangement
of the material. Gradation BSM-7:35 has a higher eCS at approximately the same p′CS as BSM10:35, but also higher placement void ratios post specimen reconstitution. BSM-7:35-MT-D has
a higher post-consolidation void ratio (ec) than the loosest test on gradation BSM-10:35 (BSM10:35-MT-L), yet its behavior is largely dilatant while BSM-10:35-MT-L is contractive (see
Figure 5.4 and 5.6).
When the gap ratio D′15/d′85 is reduced, the finer fraction component of the gradation is more
inclined to be a separator of coarse grains rather than confined within the void space of the
coarse soil matrix (Lade et al. 1998, Shire et al. 2016). This explains higher placement and
critical void ratios observed with gradation BSM-7:35. A similar trend of increasing placement
void ratio has been observed by Lade et al. (1998) and Shire et al. (2016). Intuitively, this change
in particle packing is likely accompanied by a reduction in interfine particle contacts.
The critical state friction angle, ϕCS, is thought to be a unique material property, which has been
found independent of particle size, density and confining pressure for uniformly graded granular
materials (Negussey et al. 1988). Given that the properties of the coarse fraction components of
the two gradations are largely identical, the change in ϕCS alludes to a difference in the influence
of the finer fraction material in each mixture. The fine fraction (BSM-70/140) was measured to
be slightly different in terms of mineralogy and shape to the coarse components (Table 3.1).
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The finer fraction component appears to be a more frictional material than the coarse fractions,
and the speculated decrease of inter-fine particle contacts with a reduction in D′15/d′85 lessens the
contribution of the fine material to the global shearing resistance of the mixture.
6.2.4

On the influence of Sf

Gradations BSM-7:35 and BSM-7:15 have the same D′15/d′85 = 7, and a Sf of 35% and 15%
respectively. Additionally, a test on clean BSM-10/18 sand, the coarse component for BSM-7:15
and BSM-7:35 gradations, is presented for purposes of comparison in Figure 6.1 (after Antunes
2020). This test was performed by a co-researcher with extensive assistance and oversight by the
author. Its purpose is to provide a benchmark for comparison of gap-gradations to the Sf = 0%
condition.
Decreasing Sf resulted in a significant upwards translation of eCS from 0.48 to 0.70 (Figure 6.1,
Table 6.1). This shift has been observed by others, and forms the basis for the modelling
approach of Muir Wood et al. (2010). A slight decrease in ϕCS is also observed with decreasing
Sf (Table 6.1). This is further evidence that the finer fraction is the more frictional of the two
components, and thus decreasing its contribution within the specimen also decreases ϕCS of the
material.
Kwa and Airey (2016) reported a similar trend of increasing ϕCS with increasing Sf for a sandfines mixture with fines varied from 0 to 100%. Similarly, Murthy et al. (2007) noted the same
trend with the addition of angular silt (fabricated from crushed Ottawa sand) to Ottawa sand to a
Sf of 15%. The same trend is likely occurring here, however the BSM finer fraction (BSM70/140) should be tested by itself to provide clarity to the trend.
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6.3

Equivalent void ratios

An attempt was made to normalize critical state data using equivalent void ratios of the
gradations tested based on the framework proposed by Thevanayagam et al. (2002). Significant
scatter was observed when using intergranular void ratios and equivalent “contact density
indices” to represent a single CSL for the material (in excess of 0.04). Given the arbitrary nature
of deriving different parameters to calculate equivalent contact density indices, and the scatter in
the data, it was determined that this was not a viable method to represent the CSL for the current
study. This is discussed further in Chapter 7.
6.4
6.4.1

Benchmarking BSM sand
WAC Bennett Dam core material

After the 1996 sinkhole incident, a program of triaxial testing was performed to determine
critical state parameters of the disturbed core material. Bennett core material was reported to
have ϕCS ≈ 35° (Watts et al. 2000). This is similar to the 34.3° ≤ ϕCS ≤ 36.8° obtained in the
current study, however understandably different due to the differences in tested gradation. The
gap-graded BSM sands of the current study is all sand sized material, while the highly disturbed
material of the core was as coarse as ¾ inches and contained an average silt content of
approximately 26% (Watts et al. 2000), however a significant portion of the material is within
the sand size range. The CSL of the core material in the compression plane is not comparable
due to differences in gradation.
6.4.2

Laboratory sands

Critical state values for gap-graded BSM sand can be benchmarked against similar studies on
non-plastic gap-graded mixtures and well-studied clean sands. Data from tests on FR sand are
included here, and compared against the CSL data of other uniformly graded sands. Data from
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similar studies are presented in Table 6.3 to 6.5 and Figure 6.5 expanding on the compilation
done by Azeiteiro et al. (2017).
6.4.2.1

Uniformly graded sands

Clean BSM 10/18 sand is plotted alongside FR sand, and four siliceous laboratory sands (Figure
6.5); Leighton Buzzard sand (Been et al. 1991), Hostun sand (Azeiteiro et al. 2017), Ottawa sand
(Murthy et al. 2007, Carraro 2004) and Toyoura sand (Verdugo and Ishihara 1996). While the
mineralogy of the FR sand tested in the current study was not determined, its composition has
been reported to be predominately silica (approximately 50%) and unstable volcanic rock
fragments (approximately 45%) (Garrison et al. 1969). BSM-10/18 sand was measured to be
composed of mainly silicate (71%), and carbonate (24%) minerals (Table 3.1). The index
properties and critical state strength of these studies are reported in Table 6.3. It can be observed
in Figure 6.5 that Fraser River, Hostun, Leighton Buzzard and Toyoura sands all have
remarkably similar plotting position in e-p′ space in the moderate stress range (100 to 500 kPa),
while BSM-10/18 sand plots slightly lower and Ottawa sand plots significantly lower than these
sands. This alludes to grain shape being of primary relevance to plotting position, with the more
angular sands plotting higher in e-p′ space. The plotting position of the coarser BSM-10/18 sand
is likely due to its larger grain size, with an increase in grain size possibly resulting in lower
plotting position.
6.4.2.2

Gap-graded mixtures

Gap-gradations formed from BSM sand are compared to similar gap gradations from the studies
of Zlatović and Ishihara (1995), Ouyang and Takahashi (2016), and Murthy et al. (2007).
Material properties of these studies on binary, non-plastic mixtures of coarse and fine material
are summarized in Table 6.4 and Figure 6.4. The studies all used siliceous material.
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Much like the current study, Ouyang and Takahashi (2016) used a uniformly graded
medium/coarse sand and a uniformly graded fine sand for the coarse and fine components of
tested mixtures, respectively. The studies of Murthy et al. (2007) and Zlatović and Ishihara
(1995) differ in that they use uniformly graded, predominately fine sand and broadly graded,
non-plastic silt for the coarse and fine components, respectively. Of the three studies, Ouyang
and Takahashi (2016) is the most similar in terms of gradation (Table 6.4, Figure 6.4), however
also the most limited in terms of number of data points (Figure 6.5). The studies of Murthy et al
(2007) and Zlatović and Ishihara (1995) are more data rich, however the gradations used in these
studies have smaller D′15/d′85 (Table 6.5) that may not be susceptible to internal instability.
However the trends in the data can be used as a basis for comparison to what has been observed
in the current study.
Data for select gradations from each study are depicted in Figure 6.4 and 6.5 that are similar in
terms of Sf to the current study. At Sf = 15%, gradation BSM-7:15 has a remarkably similar
plotting position to Zlatović and Ishihara (1995) and Ouyang and Takahashi (2016) at the same
Sf (Figure 6.5). Murthy et al. (2007) has a notably lower plotting position at Sf = 15%, however
this is unsurprising given the plotting position of clean Ottawa sand relative more angular clean
sands.
At Sf = 35%, gradation BSM-7:35 is observed to plot closely to Zlatović and Ishihara (1995) at
Sf = 30%. Given similarities in plotting positions at Sf = 15% as well between the two studies, it
is possible that gradations BSM-7:15 and BSM-7:35 have comparable packing characteristics to
the gradations used by Zlatović and Ishihara (1995) at Sf = 15% and Sf = 30%, despite
differences in D′15/d′85. It is noteworthy that gradation BSM-10:35 has a lower plotting position
than the other studies at similar Sf.
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A similar trend to the current study of increasing ϕCS with increasing Sf was measured by Murthy
et al. (2007) attributed to the more angular nature of the silt fine fraction than the Ottawa sand
coarse fraction used in the study (Table 6.5). It can be observed that all of the studies presented
follow the same trend of an upwards translation of the critical state loci with decreasing Sf for the
ranges of Sf presented for each study.
6.5

Summary
o Tests on gradations BSM-7:35 and BSM-10:35 exhibited shear responses ranging from
fully contractive to predominately dilative. A unique critical state was reached regardless
of initial specimen void ratio, provided shear localizations did not occur within the
specimens. No transitional mode was observed in the gap-graded material tested.
o Differences in reconstitution method were observed to have a small impact on shear
response. Deformation characteristics during hydrostatic loading indicates that slurry
deposition may result in a more anisotropic fabric than moist tamping.
o Regardless of reconstitution method, a unique critical void ratio and stress ratio was
reached at the end of shearing. This is direct evidence that a unique critical state exists for
gap-graded materials that is independent of initial fabric. At the critical state, the
reconstituted fabric of the test specimen is erased entirely.
o Decreasing Sf with a constant D′15/d′85 gap ratio was observed to have two effects; (i) an
increase in the eCS (ii) a decrease in ϕCS. Studies of Zlatović and Ishihara (1995), Murthy
et al. (2007), and Ouyang and Takahashi (2016) have observed the same trend of
increasing eCS with decreasing Sf. Murthy et al. (2007) and Kwa and Airey (2016) have
observed a similar trend of decreasing ϕCS with decreasing Sf.
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o Increasing the D′15/d′85 gap ratio of the material while keeping the Sf constant resulted in
a decrease in the eCS and an increase in ϕCS of the material. The response is tentatively
attributed to a change in the microstructure of the material which results in altered
particle packing characteristics and additional inter-fine particle contacts within the
specimen. An increase in ϕCS is an indication that the increase in inter-fine particle
contacts increases the frictional resistance of the material, which is also observed with
increasing the Sf from 15% to 35% for a D′15/d′85 = 7.
o Similar trends between CSL parameters and variation in Sf are observed when
benchmarking gap-graded BSM sand to similar studies on non-plastic gap-graded
mixtures.
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Table 6.1 BSM sand critical state parameters for tested gradations
p′CS
(kPa)

eCS

MTC

ϕCS
(deg.)

Bishops

ϕCS, Bishop
(deg.)

BSM-7:15

187

0.70

1.39

34.3

-

-

BSM-7:35

193

0.48

1.44

35.6

1.46

36.0

BSM-10:35

201

0.42

1.50

36.8

1.51

37.3

Gradation

MTC,

*Insufficient density range to use the Bishop method for gradation BSM-7:15

Table 6.2 BSM sand variation in critical state parameters between tests for tested gradations
Δp′CS
(kPa)

ΔeCS

ΔMTC

ΔϕCS
(deg.)

BSM-7:15

7

0.015

0.04

1.0

BSM-7:35

3

0.013

0.03

0.7

BSM-10:35

5

0.011

0.01

0.2

Gradation

Table 6.3 Comparison of FR sand to previous studies on siliceous, uniformly graded laboratory sands
Study

Material

Angularity

Gs

D50
(mm)

Cu

emax

emin

ϕCS
(°)

Azeiteiro et al.
(2017)

Hostun sand

Subangular to angular

2.64

0.33

1.4

1.00

0.66

32

Been et al. (1991)

Leighton
Buzzard sand

Subrounded to subangular
(Hird and Hassona 1990)

2.65

0.12

1.5

1.01

0.66

31

Murthy et al. (2007),
Carraro (2004)

Ottawa sand

Rounded to subrounded

2.652.66

0.39

1.4

0.78

0.48

30

Verdugo and
Ishihara (1996)

Toyoura sand

Subrounded to subangular

2.65

0.17

1.7

0.98

0.60

32

Current study

FR sand

Subrounded to subangular

2.69

0.28

1.8

0.94

0.61

34
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Table 6.4 Comparison of components of BSM sand to materials used in previous studies on gap-graded siliceous laboratory sand-silt or sand-sand
mixtures
Coarse component

Fine component

D50
(mm)

Cu

Material

Angularity

Gs

D50 (mm)

Cu

Study

Material

Angularity

Gs

Murthy et al. (2007),
Carraro (2004)

Ottawa sand

Rounded to
subrounded

2.652.66

0.39

1.43

Sil-co-sil 106 (crushed
Ottawa sand)

Angular

2.652.66

0.02*

13.0*

Ouyang and
Takahashi (2016)

Silica no. 3

Subrounded
to subangular

2.65

1.76

1.31

Silica no. 8

Subrounded to
subangular

2.65

0.16

1.05

Zlatović and Ishihara
(1995)

Toyoura sand

Subrounded
to subangular

2.65

0.17

1.5*

Toyoura silt (milled
Toyoura sand)

-

2.65

0.01

-

2.68

1.5

1.4

BSM 70/140 sand

Subangular

2.71

0.15

1.3

2.68

2.1

1.3

Current Study

BSM-10/18 sand
BSM-6/14 sand

Subangular

* Estimated based on digitized gradation curve
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Table 6.5 Comparison of BSM sand results to previous studies on gap-graded siliceous laboratory sand-silt or
sand-sand mixtures

Study
Murthy et al. (2007),
Carraro (2004)
Ouyang and
Takahashi (2016)

Zlatović and Ishihara
(1995)

Current Study

D′15/d′85
4*

7.9

4*

7
10

Sf
5

ϕCS
(°)
31

10

32

15

34

15

-

25

-

35

-

5

-

10

-

15

-

25

-

30

-

15

34

35

36

35

37

(%)

* Estimated based on digitized gradation curve
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Figure 6.1 CSL of BSM sand gradations in the compression plane
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Figure 6.2 MTC determination using the Bishop Method for gradations BSM-7:35 and BSM-10:35

Figure 6.3 Deformation characteristics of moist-tamped and slurry-deposited BSM specimens under
hydrostatic loading
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Figure 6.4 Comparison of grain size distribution data of BSM sand to previous studies on gap-graded
siliceous laboratory sand-silt or sand-sand mixtures
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Figure 6.5 Benchmarking BSM sand results against other studies on uniformly and gap-graded material

116

Chapter 7: Examining the grading state index
This chapter provides additional analysis of data from the current study and similar studies on
gap-graded material. The purpose of this chapter is to examine the merits of the grading state
index, IG, proposed by Muir Wood (2007) as a method to quantify changes in critical state loci as
gradation is changed. This analysis is not included in Chapter 6, as it largely focuses around the
data of others. It should be noted that the data solely on uneroded material is used, as insufficient
data currently exists to characterize the CSL of eroded material with respects to IG.
7.1

The general concept

Deformation characteristics of granular material have been observed to vary with stress. It has
been postulated (Vesić and Clough 1968) that at low to moderate stress levels, deformation
behavior is dictated by the sliding and rolling of individual particles (i.e. dilatancy effects). As
mean stress increases, particle crushing becomes the dominant deformation mechanism over
dilatancy, and compressibility is observed to increase. At very high stresses, particle breakage is
exhausted and the material is said to behave as a “linearly deformable solid” (Vesić and Clough
1968), exhibiting “pseudo-elastic behavior” (Russell and Khalili 2002). This has led to the
postulation of a tri-linear representation of the CSL for sands in the compression plane (e.g.
Russell and Khalili 2002). In these representations, the CSL is relatively flat at low stresses
where dilatancy is dominant, steep in the moderate to high stress range where crushing is
dominant, and relatively flat again at very high stresses when particle breakage is exhausted
(Figure 7.1).
As was noted in Chapter 6, the plotting position of the CSL in the compression plane is very
dependent on gradation. For gap-graded BSM sand, eCS is observed to decrease with increasing
Sf from 0% < Sf < 35%. It is postulated by Muir Wood (2007) that the observed steepening of the
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CSL after the onset of particle breakage is caused by an irreversible change in gradation due to
grain crushing. As breakage occurs, the CSL does not steepen necessarily: rather, crushing
increases the percentage of finer particles, and the changed gradation yields a different CSL in
the compression plane, which likely plots below the CSL of the original material. As proposed,
the grading state index (IG) (Muir Wood 2007) is a measure of a material’s gradation, and was
introduced as a means to relate changes in CSL parameters to changes in gradation. The critical
state is proposed to be represented by a unique surface in e-p′-IG space. It is postulated that the
tri-linear CSL representation (Figure 7.1) a 2-d projection of the 3-d relationship that
incorporates grading change (Figure 7.2).
7.2

The grading state index (IG)

Just as a gradation may evolve to have a greater Sf, through a process such as grain crushing or
clogging (arising from Sf redistribution induced by seepage flow), so too might it evolve to have
a diminished Sf through a process such as internal erosion. IG relates the gradation curve of a
material to two bounding, limiting gradation curves. The lower bound is representative of the
limiting gradation in terms of increasing Sf, and is proposed to be represented by a fractal
grading which maintains D100 of the original gradation. Fractal gradations have been shown to
resemble natural gradations, such as glacial tills, which have undergone extensive particle
crushing (Muir Wood 2007). The upper bound in terms of diminished Sf is proposed to be a
mono-sized distribution corresponding to D100 of the original gradation, which is represented by
a vertical line on the grain size distribution plot. The evolving gradation of a material should plot
between its two limiting gradations.
IG is calculated by taking the bounded area between the material gradation curve and its upper
bound limiting gradation curve and dividing it by the bounded area between the upper and lower
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bound limiting gradations (Figure 7.3). Thus IG is a non-dimensional number that varies between
0 and 1. In reality, a fractal gradation and a mono-sized distribution corresponding to D100 may
not be truly representative of ultimate grading reached through crushing and erosion,
respectively, however they provide bounding limits and a method to non-dimensionalize IG.
The current study uses the Fuller curve (Fuller and Thompson 1907) as the lower bound limiting
gradation. The Fuller curve, introduced as a method to proportion concrete aggregate, is believed
to be representative of the maximum density grading curve, and thus an optimal packing
arrangement of granular material. A mono-sized distribution corresponding to D100 of the
original gradation is kept as the upper bound limiting gradation (Figure 7.4).
In this chapter, critical state data of bimodal gradations is examined in the low to intermediate
stress range (less than 500 kPa in terms of p′), believed to be lower than that to yield any
significant particle breakage. The Fuller curve calls for a broad range of particle sizes, such that
increasingly small void space between particles can be filled by increasingly finer particles.
While the Fuller curve is believed to represent a maximum density gradation (and thus a
minimum void ratio gradation) for a broadly graded material, it is not truly representative for the
case of a binary mixture of uniformly graded coarse and fine granular material, where grain
crushing is not considered. Ideally, for bimodal gradations with no crushing considerations, the
lower bound limiting gradation would be at the Sf that corresponds to an optimal packing
arrangement and thus a minimum void ratio. The intent of this work however is to see if a strong
correlation can be formed between IG and eCS. For this purpose, the choice of lower bound
limiting gradation is not critically important, as has been acknowledged by Muir Wood et al.
(2010).
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7.3

Determination of eCS – p′CS – IG relations

Four datasets, including the current study, were interpreted with reference to IG. The three
additional studies are those of Murthy et al. (2007), Thevanayagam et al. (2002), and Zlatović
and Ishihara (1995). Each study has CSL data for gradations with varying Sf. The studies by
Murthy et al. (2007) and Zlatović and Ishihara (1995) are compared with the current study in
detail in Chapter 6. Ouyang and Takahashi (2016), also compared to the current study in Chapter
6, is not included here due to insufficient data to use the IG approach. All external studies are on
binary mixtures of siliceous sand and non-plastic siliceous silt.
Works were considered in the stress range from 50 kPa ≤ p′ ≤ 500 kPa. The upper bound of 500
kPa is thought to be prior to particle breakage for the siliceous sands presented (and thus end of
test grain size distribution does not differ from reported test gradations). A lower bound of 50
kPa was chosen since data at lower stresses are often based on forecasted CSL curves, rather
than actual data points. Additionally, small measurement errors at these low stresses make up a
significant percentage of calculated values of p′. The analysis for each study was performed as
follows:
1. Limiting gradations were determined and plotted alongside the respective test gradations
(Figure 7.4), and the IG then calculated (Table 7.1).
2. Discrete CSL points in the compression plane (eCS – p′CS) for each test gradation were
plotted against IG of the respective gradation at specific p′CS intervals, forming a 3-D eCS p′CS – IG relationship (Figure 7.5 to 7.8).
3. Linear trendlines were developed using the least squares method in Microsoft Excel for
the eCS-IG relationship at each p′CS interval. Scatter around each linear trendline was
calculated in terms of void ratio for each value of eCS-p′CS-IG (Table 7.1). For the
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purposes of this discussion, scatter is defined as the offset of a value from the linear
trendline established in excel.
4. The slopes of the eCS-IG trendlines at each interval of p′CS were compared. This gives an
indication of how the e-p′-IG CSL surface may varies with stress (Figure 7.9).
7.4

Findings

7.4.1

Commentary on eCS – IG relations

o A strong unimposed correlation exists between eCS and IG at each p′ interval. Minimal
scatter around fitted linear trendlines to each eCS – IG relation is evident for all studies
(Figure 7.5 to 7.8). A maximum scatter of 0.02 around fitted trendlines in terms of void
ratio was calculated for the studies of Murthy et al. (2007), Thevanayagam et al. (2002),
and Zlatović and Ishihara (1995) (Table 7.1). A maximum scatter of 0.004 was calculated
for the current study (Table 7.1). It should be noted that scatter around eCS – IG trendlines
is similar to or smaller than the scatter of individual data points around fitted CSL curves
in the data presented by the three studies reported in the literature. The average scatter
was below 0.01 in terms of void ratio for all four studies (Table 7.1).
o An important observation can be made with the data imported from Thevanayagam et al.
(2002). When IG >> 1, CSL parameters do not conform to the linear eCS-IG relationship
(Table 7.1). For IG > 1, the area below the gradation curve exceeds the area below the
theoretical optimum packing arrangement.
o It is interesting to note that tested gradations with Sf > 25% were classified as fines
dominant in the study by Thevanayagam et al. (2002), and thus this proposed
microstructure classification method has good agreement with measured values of IG
based on the optimal packing arrangement of the Fuller curve (despite earlier discussion
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that it may not be a representative limiting gradation for bimodal gradations without
particle crushing).
o Tested gradations of BSM sand had gap ratios, D′15/d′85, of 7 and 10. CSL data were
observed to plot on the same linear trendline, despite differences in both D′15/d′85 and Sf
(Table 7.1, Figure 7.8).
7.4.2

Variation of the eCS – p′CS – IG surface with stress

o The slope of the eCS – IG relationship changes with stress for the studies presented (Figure
7.9). This was noted by Muir Wood and Maeda (2008), who in DEM simulations
observed slight changes in the CSL slope with IG. It would appear that an apparent linear
trend between slope and p′CS emerges in the 50 kPa ≤ p′ CS ≤ 500 kPa stress range for the
three studies.
o Differences in the slope of the eCS-IG relation between studies are tentatively attributed to
differences in the angularity of the material. A steeper slope of the eCS-IG relation is
observed with subrounded to subangular Toyoura sand (coarse component used by
Zlatović and Ishihara 1995) and BSM sand, while a less steep slope is observed for the
studies of Murthy et al. (2007) and Thevanayagam et al. (2002), which use rounded to
subrounded Ottawa sand as the coarse component.
o It is interesting to note that the slope of the eCS-IG relationship decreased with increasing
stress in the data of Zlatović and Ishihara (1995) and increased in stress for the data of the
studies by Murthy et al. (2007) and Thevanayagam et al. (2002) (Figure 7.9). The data
suggests that material compressibility was increased with increasing Sf for the studies of
Murthy et al. (2007) and Thevanayagam et al. (2002) and decreased for the study of
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Zlatović and Ishihara (1995). This may be due to the angularity of the fine component of
the mixture relative to the coarse component, however this is highly speculative.
7.5
7.5.1

Implications of the findings
The CSL surface in e-p′-IG space

The slope of the linear relationship between eCS and IG varies with stress for the three studies
reported in the literature. The CSL is proposed to be a surface in e-p′-IG space, in which case
variation of the slope of the IG-eCS relation with p′ is not an issue, as this would not violate the
assumption of a unique surface. However if no clear trend between the three parameters exists,
than it would make formulation of the surface more difficult, and interpolation of values of eCS at
untested Sf and p′ more uncertain. Variation of the slope e-IG relation is near linear from 50 kPa
≤ p′ ≤ 500 kPa for the three studies reported in the literature, in arithmetic scale (Figure 7.9).
Thus, for the three studies, a strong trend between the three parameters exists.
7.5.2

Comparison to equivalent void ratio method

IG is one approach to model changes in CSL parameters in the compression plane with changes
in gradation. Other approaches have been proposed based on the framework introduced by
Thevanayagam et al. (2002). These proposed methods use equivalent void ratios to, in essence,
normalize several CSLs with varying Sf into a single locus in equivalent e – p′ space.
In general, methods that use equivalent void ratios rely on assumptions and empirical fitting
parameters with limited theoretical basis to describe the Sf contribution to specimen shear
response. These parameters are used to calculate an equivalent void ratio of a mixture based on
an assumed packing arrangement and assumed percentage of the gradation Sf relevant to the void
ratio of the mixture. As briefly mentioned in Chapter 6, significant scatter was observed when
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using equivalent void ratios to represent a single CSL in the compression plane for BSM sand
material (in excess of 0.04, or 10 times what is observed when using the IG approach).
Lashkari (2014) presents critical state data from six studies (one of which is Murthy et al. 2007)
normalized using the equivalent void ratio approach, using a similar framework to
Thevanayagam et al. (2002). Scatter in calculated equivalent void ratios at the same value of
p′CS of these varied by a maximum of approximately 0.05 to 0.1 for the six experimental datasets
with CSLs represented by equivalent void ratios in the compression plane. If the error in the
CSL estimation for a given Sf is this large, it would correspond to an error of multiple orders of
magnitude in terms of p′ for undrained shear behavior and have significant implications for
liquefaction susceptibility. It is timely to reiterate that variation in void ratio by 0.05 for
gradation BSM-10:35 corresponded to a variation in stress-strain response from contractive to
dilative and a variation in ϕP of approximately 8° (see Figure 5.6, Table 5.1). One of the biggest
critiques of the critical state approach is the potential for small errors in void ratio to have
significant implications in terms of shear response for sandy material, where the CSL in the
compression plane is relatively flat. Using equivalent inter-granular void ratios appear to
exacerbate this problem.
IG is a measurable parameter based on a material’s gradation curve, and for the studies presented,
was observed to have a strong linear correlation with measured eCS values at the same p′CS across
gradations. Variation between individual eCS – p′CS – IG values and eCS-IG linear trend lines were
exceptionally small, and in all instances similar or lower than scatter around fitted CSL curves
for each data set. The average scatter between individual eCS – p′CS – IG values from fitted
trendlines was less than 0.01 in terms of void ratio for all studies.
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The microstructure classification system proposed by Thevanayagam et al. (2002) gives insight
into potential packing arrangements of binary mixtures of coarse and fine granular assemblies.
The eCS-IG relationship is observed to break down when IG exceeded 1. This appears to agree
well with a proposed change in microstructure from coarse to fines dominant by Thevanayagam
et al. (2002).
7.5.3

BSM sand

For BSM sand, CSL parameters were found to vary with D′15/d′85 (7 ≤ D′15/d′85 ≤ 10) as well as
Sf (0% ≤ Sf ≤ 35%) (Table 7.1). IG is a relative measure of packing arrangement. Based on data
of BSM sand, gradations with different D′15/d′85 ratios and Sf plot on the same eCS-IG trendline
(Figure 7.8) with minimal scatter. Given that the coarse components used for gradations with
D′15/d′85 = 7 and 10 are the same in terms of mineralogy and shape, no distinct differences in the
gradations, other than packing arrangement would be expected. It appears that IG could
potentially be used to quantify differences in CSL parameters as D′15/d′85 is varied in addition to
Sf, which would be of significant benefit for model development. More data is needed however
to affirm this preliminary finding.
7.5.4

Applicability to internal erosion

It is unknown currently if a reduction of Sf due to internal erosion, which has been observed to
be irregular and localized within a specimen (Hunter and Bowman 2018), will result in a
repeatable, predictable shift in the CSL in the compression plane as Sf diminishes. Limited data
from Ouyang and Takahashi (2016) may indicate that this in fact not the case. That’s not to
suggest, however, that IG approach is not useful. If the approach can be used to develop a method
of quantifying changes in CSL parameters with varying Sf in uneroded material then it may
provide an approach with which to interpolate CSL parameters for untested gradations, where the
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Sf lies between tested gradations. This is useful, because it provides the necessary base case with
which to compare eroded test results, which will have varying Sf post erosion, which may or may
not correspond to explicitly tested gradations.
7.6

Summary

The grading state index, IG, is a parameter used to relate changes in CSL parameters to changes
in gradation. There exists opportunity to refine limiting gradations used to calculate the IG
parameter. IG was found to form a strong relation with eCS for the four data sets analyzed on
uneroded material. Variation between individual values of eCS-p′CS-IG and fitted trendlines to
each eCS-IG relationship were exceptionally low. One of the benefits of IG over other approaches
to quantitatively describe changes in CSL with gradation, is that IG is a non-arbitrary measurable
property for any given material. Additionally, the use of the eCS-p′CS-IG trend appears to result in
substantively less data scatter than other methods. Interpretation of CSL results in an eCS-p′CS-IG
framework may provide an approach to interpolate CSL parameters for gradations that have not
been explicitly tested. It has yet to be determined if a meaningful eCS-p′CS-IG relationship can be
formed for eroded test data, however this does not preclude IG as a useful parameter to be used
for data analysis when comparing the shear response of eroded and non-eroded material.
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Table 7.1 Results interpreted using the grading state index, IG
Gradation
Study *

Material
D′15/d′85

Murthy et al.
(2007)

Thevanayagam
et al. (2002) ‡

Zlatović and
Ishihara
(1995)

Silica sand
and silt
mix.

Silica sand
and silt
mix.

Toyoura
sand and
silt mix.

Sf
(%)

BSM sand

IG

p′CS = 100 kPa

p′CS = 200 kPa

p′CS = 300 kPa

p′CS = 400 kPa

eCS-50

eCS-50
l.b.f.

eCS-100

eCS-100
l.b.f.

eCS-200

eCS-200
l.b.f.

eCS-300

eCS-300
l.b.f.

eCS-400

eCS-400
l.b.f.

Ottawa sand

0.33

0.71

0.71

0.70

0.71

0.69

0.70

0.68

0.69

0.67

0.69

5

0.42

-

-

0.67

0.65

0.66

0.64

0.66

0.63

0.65

0.63

10

0.50

0.61

0.61

0.60

0.61

0.59

0.60

0.59

0.59

0.58

0.58

15

0.57

0.57

0.57

0.56

0.56

0.55

0.55

0.54

0.54

0.53

0.54

Ottawa sand

0.59

0.76

0.78

0.75

0.76

0.74

0.75

0.74

0.74

0.73

0.73

4

6

4

7

0.71

0.69

0.69

0.68

0.67

0.66

0.66

0.64

0.64

0.63

0.63

15

0.86

0.59

0.57

0.58

0.56

0.55

0.54

0.53

0.52

0.51

0.51

25

1.03

0.43

0.44

0.42

0.43

0.41

0.41

0.39

0.39

0.37

0.37

40

1.30

0.39

0.23

0.38

0.22

0.37

0.20

0.36

0.17

0.37

0.15

5

0.52

0.88

0.88

0.87

0.88

0.87

0.87

0.85

0.85

0.85

0.85

10

0.60

0.81

0.81

0.81

0.80

0.80

0.79

0.78

0.77

0.77

0.77

15

0.66

0.74

0.74

0.73

0.73

0.71

0.72

0.69

0.71

-

-

30

0.89

0.50

0.50

0.50

0.50

0.49

0.49

0.48

0.48

0.47

0.47

0.23

-

-

-

-

0.86

0.86

-

-

-

-

10/18 sand
Current Study

p′CS = 50 kPa

7

15

0.41

-

-

-

-

0.70

0.70

-

-

-

-

7

35

0.65

-

-

-

-

0.48

0.48

-

-

-

-

10

35

0.72

-

-

-

-

0.42

0.41

-

-

-

-

* Results of others are based on digitized data presented in respective publications
† Scatter is taken as the difference of individual e
CS values from linear trendlines (l.b.f.) derived from the eCS-IG relationship at each interval of p′CS
‡ For the study of Thevanayagam et al. (2002), data when I >>1 [S = 40%] are not included in calculated trendlines or calculated scatter. These data are
G
f
included primarily to show the breakdown of the eCS-IG relationship when IG >> 1
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Table 7.1 Results interpreted using the grading state index, IG (continued)
Gradation
Study *

Material

Murthy et al.
(2007)

Silica
sand and
silt mix.

Thevanayagam
et al. (2002) ‡

Zlatović and
Ishihara (1995)

Silica
sand and
silt mix.

Toyoura
sand and
silt mix.

Sf
D′15/d′85 (%)
Ottawa sand

IG
0.33

eCS-500
0.67

eCS-500
l.b.f.
0.68

5

0.42

0.65

0.62

10

0.50

0.58

0.58

15

0.57

0.52

0.53

Ottawa sand

0.59

0.72

0.72

7

0.71

0.61

0.62

15

0.86

0.49

0.49

25

1.03

0.35

0.35

40

1.30

-

-

5

0.52

0.84

0.84

10

0.60

0.76

0.76

15

0.66

-

-

30

0.89

0.47

0.47

0.23

-

-

4

6

4

10/18 sand
Current Study

BSM sand

p′CS = 500 kPa

7

15

0.41

-

-

7

35

0.65

-

-

eCS scatter †
Max.

Avg.

0.022

0.009

0.017

0.006

0.016

0.004

0.004

0.003

10
35
0.72
* Results of others are based on digitized data presented in respective publications
† Scatter is taken as the difference of individual e
CS values from linear trendlines (l.b.f.) derived from the eCS-IG relationship at each interval of p′CS
‡ For the study of Thevanayagam et al. (2002), data when I >>1 [S = 40%] are not included in calculated trendlines or calculated scatter. These data are
G
f
included primarily to show the breakdown of the eCS-IG relationship when IG >> 1
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Figure 7.1 Three part representation of the CSL in the compression plane (after Russell and Khalili 2002)

Figure 7.2 The CSL as a surface in e-p′-IG space (after Muir Wood 2007)
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Figure 7.3 The grading state index (IG) (after Muir Wood 2007)
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Figure 7.4 Tested and limiting gradations for (a) BSM sand of current study, (b) silica sand and silt of Murthy et al. (2007), (c) silica sand and silt of
Thevanayagam et al. (2002), and (d) Toyoura sand and silt of Zlatović and Ishihara (1995)
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Figure 7.5 Murthy et al. (2007) eCS - IG – p′CS relationship
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Figure 7.6 Thevanayagam et al. (2002) eCS - IG – p′CS relationship
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Figure 7.7 Zlatović and Ishihara (1995) eCS - IG – p′CS relationship
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Figure 7.8 Current study (BSM sand) eCS - IG – p′CS relationship
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Figure 7.9 Variation eCS-IG relations with p′CS
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Chapter 8: Conclusions and recommendations
The following conclusions are drawn from the findings of the test program.
8.1

On specimen homogeneity and the commissioning test series

Specimen homogeneity:
Refer to Appendix B for this portion of the study. The following were noted:
o Moist tamping and slurry deposition yield a reasonably homogeneous specimen of gapgraded glass beads. Comparisons shows the moist-tamped specimen be relatively more
homogeneous, in terms of spatial variation of Sf and void ratio.
o The action of capillary tension, when placing gap-graded moist-tamped specimens,
results in little to no particle segregation upon placement, provided that the bimodal
mixture of fine and coarse grains is thoroughly mixed beforehand. This yields a very
homogeneous specimen in terms of gradation. Specimen placement and saturation
methodology yields Sf variation of less than 1% from the global specimen average in a
gap-graded glass bead specimen. Qualitatively, there appears to be slight tendency for
increasing Sf towards layer boundaries.
o Densifying internally unstable slurry-deposited specimen of gap-graded BSM sand was
observed to result in substantial particle segregation. Slurry deposition does not allow for
the same density range as moist tamping (both loose and dense) for gap-graded material.
FR sand commissioning tests:
o It has been claimed that water pluviation creates a fabric that is similar to those found in
natural fluvial deposits (Oda et al. 1978, Vaid et al. 1999). The current study found that
water pluviation and slurry deposition of uniformly graded FR sand yield specimens that
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exhibit a very similar stress-strain response, likely due to similarities in fabric. This
supports the finding of Kuerbis and Vaid (1988) for 20/40 Brenda sand.
o The CSL of FR sand was found in generally excellent agreement with those of previous
studies. It can be concluded from the suite of tests on FR sand that (i) the critical state is
attainable within the new triaxial-permeameter device, and (ii) the test methodology,
corrections and systems are reliable and accurate.
8.2

On gap-graded BSM sand

Fabric and microstructure arising from reconstitution method and density:
o Differences in stress-strain response of specimens reconstituted by moist tamping and
slurry deposition were found to be relatively insignificant, when tested in drained
compression. The ratio of εr : εa under hydrostatic loading of specimens reconstituted by
both methods suggest that slurry deposition results in a highly anisotropic fabric, while
moist tamping appears to be more isotropic.
o The critical state of gap-graded BSM sand is unique and independent of reconstitution
method and initial void ratio, confirming for gap-graded soil the findings of others for
uniformly graded sands. The finding is attributed to the initial fabric being erased at large
strains associated with reaching the critical state.
Fabric and microstructure arising from gradation:
o Decreasing Sf from 35% to 15% while keeping D′15/d′85 = 7 resulted in a substantial
increase in eCS and a small decrease in MTC. The increase in eCS has been reported for
gap-graded material elsewhere (e.g. Murthy et al. 2007, Zlatović and Ishihara (1995),
Thevanayagam et al. 2002). A decrease in MTC is evidence that the finer fraction is a
more frictional material than the coarse fraction tested.
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o Decreasing D′15/d′85 from 10 to 7 while keeping Sf = 35% resulted in an increase in eCS
and a decrease in MTC. Increasing void ratio with decreasing size ratio between fine and
coarse components has been observed elsewhere (e.g. Lade et al. 1998, Shire et al. 2016).
It is postulated that the decrease in MTC is due to a decrease in interfine particle contacts
with decreasing D′15/d′85.
o Plotting position of the CSL for gap-gradations of BSM sand in the compression plane
exhibits good agreement with the studies of Zlatović and Ishihara (1995) and Ouyang and
Takahashi (2016), also on subrounded to subangular material, at similar Sf to gradations
BSM-7:15 and BSM-7:35.
o The grading state index (IG) of Muir Wood (2007) was observed form a strong
relationship with eCS and p′CS for the current work as well as the studies of Murthy et al.
(2007), Thevanayagam et al. (2002) and Zlatović and Ishihara (1995). The eCS-p′CS-IG
relation allows for a 3-D CSL representation in the compression plane, which is a
promising method for relating changes in CSL parameters with changes in gradation.
8.3

Recommendations

8.3.1

On laboratory methods for critical state testing

o Redundancy in void ratio measurement, by taking measurements post-reconstitution and
post-test is strongly recommended, as a precise and accurate measurement of void ratio is
key for CSL determination. The methods used within this thesis are demonstrated be
repeatable and accurate.
o It is recommended that measurements of stress at large strains within a triaxial device be
verified with those from small strains. For the current work, the Bishop Method (Bishop
1971), and methods presented by Negussey et al. (1988) were demonstrated to work well.
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o Appendix C provides a recommended strategy for determining CSL parameters for
uniformly graded or gap-graded sand. Both drained and undrained tests are recommended
to determine CSL parameters. Specific eCS values can be targeted with undrained testing,
while specific p′CS values can be targeted with drained testing. The proposed test order
outlines a method of efficiently generating CSL parameters for a sandy soil. The number
of data points required to generate a CSL will be heavily dependent on the accuracy of
measurements (void ratio and stress), and the stress range of interest.
8.3.2

Additional testing on BSM sand material

o IG may provide a method of interpolating CSL parameters for untested gradations of
uneroded material. There is opportunity to refine the limiting gradations used in IG
determination such that they are more applicable to bimodal mixtures with no particle
crushing, and serve as a divide between coarse and fines dominated mixtures. Index
testing (emin) should be performed to adequately determine the Sf which corresponds to
the maximum density gradation for each D′15/d′85 value tested.
o The finer fraction tested in this thesis, BSM-70/140 sand, should be tested in isolation
such that the strength parameters of the material can be determined and thus the effect of
varying Sf and D′15/d′85 can be more accurately attributed to the relative role of each
component (coarse and fine) of BSM sand. Image analysis of packing characteristics of
gap-gradations may also be helpful in this regard.
o When performing tests with seepage flow, it will be crucial to have accurate
measurement of the void ratio post seepage to adequately characterize whether there is a
shift in eCS (in comparison to the same gradation, uneroded) due to the sporadic structure
of the eroded specimen.

140

Bibliography
Alarcon-Guzman, A., Leonards, G. A., & Chameau, J. L. (1988). Undrained monotonic and
cyclic strength of sands. Journal of Geotechnical Engineering, 114(10), 1089–1109.
Ansal, A. M., & Erken, A. (1996). Posttesting Correction Procedure for Membrane Compliance.
Journal of Geotechnical Engineering, 122(1), 27–38.
Atunes, A. (2020) Personal communications.
ASTM (2014). Standard Test Methods for Specific Gravity of Soil Solids by Water Pycnometer.
Report No. D854-14, ASTM International, West Conshohocken, PA.
ASTM (2015a). Standard Test Methods for Minimum Index Density and Unit Weight of Soils
and Calculation of Relative Density. Report No. D4254-14, ASTM International, West
Conshohocken, PA.
ASTM (2015b). Standard Test Methods for Maximum Index Density and Unit Weight of Soils
Using a Vibratory Table. Report No. D4253-14, ASTM International, West Conshohocken,
PA.
ASTM (2011). Standard Test Method for Consolidated Undrained Triaxial Compression Test for
Cohesive Soils. Report No. D4767-11, ASTM International, West Conshohocken, PA.
Azeiteiro, R. J. N., Coelho, P. A. L. F., Taborda, D. M. G., & Grazina, J. C. D. (2017). Critical
state-based interpretation of the monotonic behavior of hostun sand. Journal of
Geotechnical and Geoenvironmental Engineering, 143(5), 1–14.
Baldi, G., & Nova, R. (1984). Membrane penetration effects in triaxial testing. Journal of
Geotechnical Engineering, 110(3), 403–420.
Been, K., Jefferies, M. G., & Hachey, J. (1991). The critical state of sands. Géotechnique, 41(3),
365–381.
Been, K., & Jefferies, M. G. (1985). A state parameter for sands. Géotechnique, 35(2), 99–112.
Bishop, A. W. (1971). Shear strength parameters for undisturbed and remoulded soil specimens.
Proceedings of the Roscoe Memorial Symposium, 3–58.
Bishop, A. W., & Donald, I. B. (1961). The experimental study of partly saturated soil in the
triaxial apparatus. 5th International Conference on Soil Mechanics and Foundation
Engineering, 13–21.
Bishop, A. W., & Henkel, D. J. (1962). The measurement of soil properties in the triaxial test
(2nd ed.). E. Arnold.
141

Bolton, M. D. (1986). The strength and dilatancy of sands. Géotechnique, 36(I), 65–78.
Bradshaw, A. S., & Baxter, C. D. P. (2007). Sample preparation of silts for liquefaction testing.
Geotechnical Testing Journal, 30(4), 324–332.
Carraro, J. A. H. (2004). Mechanical behavior of silty and clayey sands. Purdue University.
Carraro, J. A. H., & Prezzi, M. (2008). A new slurry-based method of preparation of specimens
of sand containing fines. Geotechnical Testing Journal, 31(1), 1–11.
Casagrande, A. (1936). Characteristics of cohesionless soils affecting the stability of earth fills.
Journal of Boston Society of Civil Engineers, 23, 257–276.
Castro, G. (1969). Liquefaction of sands. Harvard University.
Chang, C. S., & Deng, Y. (2019). Revisiting the concept of inter-granular void ratio in view of
particle packing theory. Géotechnique Letters, 9(2), 121–129.
Chang, D. S., & Zhang, L. (2011). A stress-controlled erosion apparatus for studying internal
erosion in soils. Geotechnical Testing Journal, 34(6), 579–589.
Chillarige, A. R. V., Robertson, P. K., Morgenstern, N. R., & Christian, H. A. (1997). Evaluation
of the in situ state of Fraser River sand. Canadian Geotechnical Journal, 34(4), 510–519.
Crawford-Flett, K. (2014). An improved hydromechanical understanding of seepage-induced
instability phenomena in soil. The University of British Columbia.
Eliadorani, A. A. (2000). The Response of Sands Under Partially Drained States with Emphasis
Liquefaction (Issue March). The University of British Columbia.
Frost, J. D., & Park, J. Y. (2003). A critical assessment of the moist tamping technique.
Geotechnical Testing Journal, 26(1), 57–70.
Fuller, W., & Thompson, S. (1907). The laws of proportioning concrete. Transactions of the
American Society of Civil Engineers, 59(2), 67–143.
Gajo, A., & Wood, D. M. (1999). Severn-Trent sand : a kinematic-hardening constitutive model :
the q-p formulation. Géotechnique, 49(5), 595–614.
Garner, S.J., (2019). Personal communications
Garner, S. J., & Fannin, R. J. (2010). Understanding internal erosion: a decade of research
following a sinkhole event. International Journal on Hydropower and Dams, 17(3), 93–98.
Garner, S. J., Seyers, W. C., & Matthews, H. M. (2004). the Decommissioning of Coursier Dam
– a Case for Dam Safety. Canadian Dam Association 2004 Conference.
142

Garrison, R. E., Luternauer, J. L., Grill, E. V., Macdonald, R. D., & Murray, J. W. (1969). Early
diagenetic cementation of recent sands, Fraser River Delta, British Columbia.
Sedimentology, 12, 27–46.
Ghafghazi, M., Shuttle, D. A., & DeJong, J. T. (2014). Particle breakage and the critical state of
sand. Soils and Foundations, 54(3), 451–461.
Ghafghazi, M., & Shuttle, D. (2005). Accurate Determination of the Critical State Friction Angle
From Triaxial Tests. Proceedings of the 59th Canadian Geotechnical Conference, 278–284.
Hicher, P.-Y. (2013). Modelling the impact of particle removal on granular material behaviour.
Géotechnique, 63(2), 118–128.
Hird, C. C., & Hassona, F. A. K. (1990). Some factors affecting the liquefaction and flow of
saturated sands in laboratory tests. Engineering Geology, 28, 149–170.
Hird, C. C., & Hassona, F. (1986). A state parameter for sands: discussion. Géotechnique, 36(1),
123–132.
Holtz, R. D., Kovacs, W. D., & Sheahan, T. C. (2011). An introduction to Geotechnical
Engineering (2nd ed.). Pearson Education, Inc.
Hunter, R. P., & Bowman, E. T. (2018). Visualisation of seepage-induced suffusion and
suffosion within internally erodible granular media. Géotechnique, 68(10), 918–930.
Ishihara, K. (1993). Liquefaction and flow failure during earthquakes. Géotechnique, 43(3), 351–
415.
Jang, D. J., & Frost, J. D. (2000). Use of image analysis to study the microstructure of a failed
sand specimen. Canadian Geotechnical Journal, 37(5), 1141–1149.
Jefferies, M. G. (1993). Nor-Sand: A simple critical state model for sand. Géotechnique, 43(1),
91–103.
Jefferies, M., & Been, K. (2016). Soil liquefaction (2nd ed.). CRC Press, Taylor & Francis
Group, LLC.
Jiang, M. J., Konrad, J. M., & Leroueil, S. (2003). An efficient technique for generating
homogeneous specimens for DEM studies. Computers and Geotechnics, 30(7), 579–597.
Jiang, M., Shen, Z., Li, L., & Su, J. (2012). A novel specimen preparation method for TJ-1 lunar
soil simulant in hollow cylinder apparatus. Journal of Rock Mechanics and Geotechnical
Engineering, 4(4), 312–325.

143

Jin, Y.-F., Yin, Z.-Y., Shui-Long, S., & Hicher, P.-Y. (2016). Selection of sand models and
identification of parameters using an enhanced genetic algorithm. International Journal for
Numerical and Analytical Methods in Geomechanics, 40(8), 1219–1240.
Ke, L., & Takahashi, A. (2014). Triaxial erosion test for evaluation of mechanical consequences
of internal erosion. Geotechnical Testing Journal, 37(2), 1–18.
Ke, L., & Takahashi, A. (2015). Drained monotonic responses of suffusional cohesionless soils.
Journal of Geotechnical and Geoenvironmental Engineering, 141(8).
Kuerbis, R. H., & Vaid, Y. P. (1988). Sand sample preparation-the slurry deposition method.
Soils and Foundations, 28(4), 107–118.
Kuerbis, R. H., & Vaid, Y. P. (1990). Corrections for membrane strength in the triaxial test.
Geotechnical Testing Journal, 13(4), 361–369.
Kwa, K. A., & Airey, D. W. (2016). Critical state interpretation of effects of fines in silty sands.
Géotechnique Letters, 6(1), 100–105.
La Rochelle, P., Leroueil, S., Trak, B., Blais-Leroux, L., & Tavenas, F. (1988). Observational
Approach to Membrane and Area Corrections in Triaxial Tests. In R. Donaghe, R. Chaney,
& M. Silver (Eds.), Advanced Triaxial Testing of Soil and Rock. ASTM International.
Ladd, R. S. (1974). Specimen preparation and liquefaction of sands. Journal of the Geotechnical
Engineering Division, 100(GT10), 1180–1184.
Ladd, R. S. (1978). Preparing test specimens using undercompaction. Geotechnical Testing
Journal, 1(1), 16–23.
Lade, P. V. (2016). Triaxial Testing of Soils. In Triaxial Testing of Soils. John Wiley & Sons,
Inc.
Lade, P. V., Liggio, C. D., & Yamamuro, J. A. (1998). Effects of Non-Plastic Fines on Minimum
and Maximum Void Ratios of Sand. Geotechnical Testing Journal, 21(4), 336–347.
Lashkari, A. (2014). Recommendations for extension and re-calibration of an existing sand
constitutive model taking into account varying non-plastic fines content. Soil Dynamics and
Earthquake Engineering, 61–62, 212–238.
Li, X. S., & Dafalias, Y. F. (2012). Anisotropic Critical State Theory: Role of Fabric. Journal of
Engineering Mechanics, 138(3), 263–275.
Low, W. I., & Lyell, A. P. (1967). Portage mountain dam III. development of construction
control. Canadian Geotechnical Journal, 4(2).

144

Mehdizadeh, A. (2018). Multi Scale Investigation of Post-Erosion Mechanical Behaviour of
Granular Material. Swinburne University of Technology.
Mehdizadeh, A., Disfani, M. M., Evans, R., & Arulrajah, A. (2018). Progressive internal erosion
in a gap-graded internally unstable soil: Mechanical and geometrical effects. International
Journal of Geomechanics, 18(3).
Mehdizadeh, A., Disfani, M. M., Evans, R., Arulrajah, A., & Ong, D. E. L. (2017). Mechanical
consequences of suffusion on undrained behaviour of a gap-graded cohesionless soil-an
experimental approach. Geotechnical Testing Journal, 40(6), 1026–1042.
Mitchell, J. K., & Soga, K. (2005). Fundamentals of Soil Behavior (3rd ed.). John Wiley & Sons,
Inc.
Moffat, R. A., & Fannin, R. J. (2006). A large permeameter for study of internal stability in
cohesionless soils. Geotechnical Testing Journal, 29(4), 273–279.
Morgan, G. C., & Harris, M. C. (1967). Portage mountain dam II. materials. Canadian
Geotechnical Journal, 4(2), 142–166.
Muir Wood, D. (2007). The magic of sands - the 20th Bjerrum lecture presented in Oslo, 25
November 2005. Canadian Geotechnical Journal, 44(11), 1329–1350.
Muir Wood, D., Maeda, K., & Nukudani, E. (2010). Modelling mechanical consequences of
erosion. Géotechnique, 60(6), 447–457.
Muir Wood, D., & Maeda, K. (2008). Changing grading of soil: Effect on critical states. Acta
Geotechnica, 3(1), 3–14.
Mulilis, J. P., Chan, C. K., & Seed, H. B. (1975). The effects of method of sample preparation on
the cyclic stress-strain behavior of sands.
Murthy, T. G., Loukidis, D., Carraro, J. A. H., Prezzi, M., & Salgado, R. (2007). Undrained
monotonic response of clean and silty sands. Géotechnique, 57(3), 273–288.
Negussey, D., Wijewickreme, W. K. D., & Vaid, Y. P. (1988). Constant-volume friction angle of
granular materials. Canadian Geotechnical Journal, 25(1), 50–55.
Oda, M. (1972). Initial fabrics and their relations to mechanical properties of granular material.
Soils and Foundations, 12(1), 17–36.
Oda, M., Koishikawa, I., & Higuchi, T. (1978). Experimental study of anisotropic shear strength
of sand by plane strain test. Soils and Foundations, 18(1), 25–38.
Ouyang, M., & Takahashi, A. (2016). Influence of initial fines content on fabric of soils
subjected to internal erosion. Canadian Geotechnical Journal, 53(2), 299–313.
145

Poulos, S. J. (1981). The steady state of deformation. Journal of the Geotechnical Engineering
Division, 107(GT5), 553–562.
Riemer, M. F. (1992). The effects of testing conditions on the constitutive behavior of loose,
saturated sands under monotonic loading. University of California at Berkeley.
Riemer, M. F., & Seed, R. B. (1997). Factors affecting the apparent position of steady-state line.
Journal of Geotechnical and Geoenvironmental Engineering, 123(3), 281–288.
Roscoe, K. H., Schofield, A., & Wroth, P. (1958). On the yielding of soils. Géotechnique, 8(1),
22–53.
Russell, A. R., & Khalili, N. (2002). Drained cavity expansion in sands exhibiting particle
crushing. International Journal for Numerical and Analytical Methods in Geomechanics,
26(4), 323–340.
Sadrekarimi, A., & Olson, S. M. (2012). Effect of sample-preparation method on critical-state
behavior of sands. Geotechnical Testing Journal, 35(4), 1–15.
Schofield, A., & Wroth, P. (1968). Critical state soil mechanics. McGraw-Hill.
Shipton, B., & Coop, M. R. (2015). Transitional behaviour in sands with plastic and non-plastic
fines. Soils and Foundations, 55(1), 1–16.
Shire, T., O’Sullivan, C., & Hanley, K. J. (2016). The influence of fines content and size-ratio on
the micro-scale properties of dense bimodal materials. Granular Matter, 18(3), 1–10.
Sivathayalan, S., & Vaid, Y. P. (1998). Truly undrained response of granular soils with no
membrane-penetration effects. Canadian Geotechnical Journal, 35(5), 730–739.
Sivathayalan, S., & Vaid, Y. P. (2002). Influence of generalized initial state and principal stress
rotation on the undrained response of sands. Canadian Geotechnical Journal, 39(1), 63–76.
Sivathayalan, S. (2000). Fabric, initial state and stress path effects on liquefaction susceptibility
of sands. The University of British Columbia.
Sladen, J. A., & Handford, G. (1987). A potential systematic error in laboratory testing of very
loose sands. Canadian Geotechnical Journal, 24(3), 462–466.
Slangen, P., & Fannin, R. J. (2017). The role of particle type on suffusion and suffosion.
Géotechnique Letters, 7(1), 6–10.
Slangen, P. H. H. (2015). On the influence of effective stress and micro-structure on suffusion
and suffosion. The University of British Columbia.

146

Sobkowicz, J. C., Byrne, P., Leroueil, S., & Garner, S. J. (2000). The effect of dissolved and free
air on the pore pressures within the core of the WAC Bennett Dam. In D. LeBouf (Ed.),
Proceedings of the 53rd Canadian Geotechnical Conference (pp. 87–95). Bitech Publishers,
Ltd., Richmond.
Stewart, R. A., & Garner, S. J. (2000). Performance and safety of WAC Bennett Dam, a seven
year update. In D. LeBouf (Ed.), Proceedings of the 53rd Canadian Geotechnical
Conference (pp. 97–105). Bitech Publishers, Ltd., Richmond.
Stewart, R. A., & Imrie, A. S. (1993). A new perspective based on the 25 year performance of
WAC Bennett Dam. Proceedings of International Workshop on Dam Safety Evaluation,
53–69.
Stewart, R. A., & Watts, B. D. (2000). The WAC Bennett Dam Sinkhole incident. In D. LeBouf
(Ed.), Proceedings of the 53rd Canadian Geotechnical Conference (pp. 39–45). Bitech
Publishers, Ltd., Richmond.
Taiebat, M., & Dafalias, Y. F. (2008). SANISAND: Simple anisotropic sand plasticity model.
International Journal for Numerical and Analytical Methods in Geomechanics, 32(8), 915–
948.
Taylor, D. W. (1948). Fundamentals of soil mechanics. John Wiley & Sons, Inc.
Taylor, O. D. S., Berry, W. W., Winters, K. E., Rowland, W. R., Antwine, M. D., &
Cunningham, A. L. (2017). Protocol for cohesionless sample preparation for physical
experimentation. Geotechnical Testing Journal, 40(2), 284–301.
Thevanayagam, S., Shenthan, T., Mohan, S., & Liang, J. (2002). Undrained fragility of clean
sands, silty sands and sandy silts. Journal of Geotechnical and Geoenvironmental
Engineering, 128(10), 849–859.
Thomas, J. (1992). Static, cyclic and post liquefaction undrained behaviour of Fraser River
sand. The University of British Columbia.
Thomson, P. R., & Wong, R. C. K. (2008). Specimen nonuniformities in water-pluviated and
moist-tamped sands under undrained triaxial compression and extension. Canadian
Geotechnical Journal, 45(7), 939–956.
Tokimatsu, K., & Nakamura, K. (1987). A simplified correction for membrane compliance in
liquefaction tests. Soils and Foundations, 27(4), 111–122.
USBR-USACE. (2019). Best practices in dam and levee safety risk analysis. A joint publication
of the US Bureau of Reclamation and the US Army Corps of Engineers. Version 4.1, July
2019 (https://www.usbr.gov/ssle/damsafety/risk/methodology.html).

147

Vaid, Y. P., Chung, E. K. F., & Kuerbis, R. H. (1990). Stress path and steady state. Canadian
Geotechnical Journal, 27(1), 1–7.
Vaid, Y. P., & Negussey, D. (1984). A Critical Assessment of Membrane Penetration in the
Triaxial Test. Geotechnical Testing Journal, 7(2), 70–76.
Vaid, Y. P., & Sasitharan, S. (1992). The strength and dilatancy of sands. Canadian
Geotechnical Journal, 29(3), 522–526.
Vaid, Y. P., & Sivathayalan, S. (1996). Errors in estimates of void ratio of laboratory sand
specimens. Canadian Geotechnical Journal, 33(6), 1017–1020.
Vaid, Y. P., Sivathayalan, S., & Stedman, D. (1999). Influence of Specimen-Reconstituting
Method on the Undrained Response of Sand. Geotechnical Testing Journal, 22(3), 187–
195.
Verdugo, R. (1992). Characterization of sandy soil behavior under large deformation
[University of Tokyo].
Verdugo, R., & Ishihara, K. (1996). The steady state of sandy soils. Soils and Foundations,
36(2), 81–91.
Vesić, A. S., & Clough, G. W. (1968). Behavior of granular material under high stresses. Journal
of Soil Mechanics and Foundations Division, 94(SM 3), 661–688.
Watts, B. D., Gaffran, P. C., Stewart, R. A., Sobkowicz, J. C., & Kupper, A. G. (2000). WAC
Bennett Dam - characterization of sinkhole no. 1. In D. LeBouf (Ed.), Proceedings of the
53rd Canadian Geotechnical Conference (pp. 67–75). Bitech Publishers, Ltd., Richmond.
Wood, F. M., Yamamuro, J. A., & Lade, P. V. (2008). Effect of depositional method on the
undrained response of silty sand. Canadian Geotechnical Journal, 45(11), 1525–1537.
Xu, L., & Coop, M. R. (2017). The mechanics of a saturated silty loess with a transitional mode.
Géotechnique, 67(7), 581–596.
Yin, Z. Y., Zhao, J., & Hicher, P. Y. (2014). A micromechanics-based model for sand-silt
mixtures. International Journal of Solids and Structures, 51(6), 1350–1363.
Yoshimine, M., Ishihara, K., & Vargas, W. (1998). Effects of principal stress direction and
intermediate principal stress on undrained shear behavior of sands. Soils and Foundations,
38(3), 179-188.
Zlatović, S., & Ishihara, K. (1995). On the influence of nonplastic fines on residual strength.
First International Conference on Earthquake Geotechnical Engineering, 239–244.

148

Zlatović, S., & Ishihara, K. (1997). Normalized behavior of very loose non-plastic soils: effects
of fabric. Soils and Foundations, 37(4), 47–56.

149

Appendices
Appendix A Test corrections and data extrapolation methods
This section details the various correction factors that were applied to test measurements. All
stress conditions were calculated for the center of the test specimen. Tests were corrected for the
following:
o Volume change due to membrane penetration
o Membrane stress
o Specimen area correction
o Loading rod friction
o LPOT spring force
o ½ specimen self-weight
o Saturated top cap weight
The corrections of LPOT spring force, loading rod friction, specimen and top cap weight are
self-explanatory. Membrane stress and penetration are discussed in more detail here.
A.1

Membrane stress

For this experimental program, membrane stress corrections as proposed by Kuerbis and Vaid
(1990) were used to correct triaxial data. Latex membranes used in triaxial testing impart a small
radial and axial stress on the test specimen that changes as the specimen deforms. La Rochelle et
al. (1988) observed that, in the absence of membrane buckling, the membrane stress aligns most
closely with that calculated based on elastic shell theory. Equations derived by Kuerbis and Vaid
(1990) - based on elastic shell theory – use a changing cross sectional area of the membrane, and
a constant membrane modulus, to calculate membrane stresses. Using measured specimen
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strains, these equations can be used to calculate membrane stress as the membrane and specimen
deform. The calculated stress corrections are shown by Kuerbis and Vaid to agree reasonably
well with measured values. The membrane modulus was determined by the method proposed by
Bishop and Henkel (1962).
A.2

Membrane penetration

Membrane penetration has two effects on a triaxial test. As confining pressure is increased on a
test specimen open to drainage, the membrane deforms into peripheral voids, displacing pore
water from the specimen. The volume of displaced water due to penetration must be considered
when calculating the volumetric strain of the specimen. When the specimen is undrained,
changes in pore water pressure can also deform the membrane, resulting in a partially drained
condition and pore water pressure measurements that are not representative of the truly
undrained or constant volume condition. Membrane penetration has been shown to be mostly
dependent on confining pressure and particle size (oftentimes it is correlated to D50).
Correction for excess pore water pressure
Membrane penetration during undrained shear yields partial drainage of the specimen, and
therefore the excess pore water pressure measurement can vary from the truly undrained
condition. While excess pore water pressure corrections exist, it was demonstrated by
Sivathayalan and Vaid (1998) that there is significant potential error when using correction
methods as proposed by Ansal and Erken (1996), Tokimatsu and Nakamura (1987), and Baldi
and Nova (1984) when compared to the truly undrained condition (achieved by injecting or
removing water from the specimen using a constant volume device). In the absence of a constant
volume device, no pore water pressure corrections were used for this study due to the possible
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error this may introduce to the data. It is accepted that the tests may have slight variations from
the truly undrained condition. For FR sand this discrepancy is anticipated to be small.
Correction for volume change
Vaid and Negussey (1984) proposed a method of determining the contribution of membrane
penetration to measured volumetric strains based on specimen volume change during isotropic
unloading, as it was demonstrated that volumetric strain is close to isotropic for this condition.
The method uses the measured axial and volumetric strain of the specimen, and the assumption
of isotropic volume change, to determine the magnitude of membrane penetration. While the
Vaid and Negussey method contains constitutive assumptions, it was shown to agree well with
the Sivathayalan and Vaid (1998) method of determining membrane penetration for hollow
cylinder torsion test specimen that does not make constitutive assumptions. Therefore it has been
adopted for this study.
Figure A.1 shows the measured normalized unit membrane penetration factor, m (units of
[cm3/cm2 per log10(σ′r) kPa], for each gradation tested. Measured normalized unit membrane
penetration values for each gradation were compared with the proposed calculation method by
Baldi and Nova (1984) and the correlation of m with D50 proposed by Sivathayalan and Vaid
(1998) (Table A.1). The following is of note:
o Measured values of m for FR sand and clean BSM-10/18 sand have excellent agreement
with values calculated by Baldi and Nova (1984) and the correlation proposed by
Sivathayalan and Vaid (1998).
o Existing methods of calculating membrane penetration based on D50 are not applicable to
gap-graded materials. There is, however, a clear trend of m with Sf for gradations BSM-
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10/18, BSM-7:15 and BSM-7:35, which all are formed from the same coarse component
(BSM-10/18 sand) with varying Sf.
o Gradation BSM-10:35 has a lower m value than BSM-7:35, despite having a coarse
fraction of larger grain size. This alludes to differences in the microstructure of the two
gradations. Larger groupings of fine particles were observed to reside between coarse
particles for BSM-10:35 gradations, while BSM-7:35 appeared to have a more
transitional microstructure with more fine-coarse contacts. This is due to a lower size
ratio of coarse-fine components with gradation BSM-7:35. The groupings of fine
particles in periphery voids for gradation BSM-10:35 decreased membrane penetration
into these voids.
o If IG is believed indicative of packing arrangement, and thus can be correlated to void
ratio, then there may be a relation between m and IG, because the former is dependent on
peripheral void space. m is plotted against IG in Figure A.2, which shows a trend between
the two parameters.
A.3

Specimen area

It is necessary to update the specimen area throughout the test for an accurate calculation of axial
stress. La Rochelle et al. (1988) assumed that, when no distinct single shear plane is observed,
the specimen deforms as a right cylinder during shearing. Correction methods exist that assume a
different deformed shape, for example a parabolic shape, during shearing. The difference
between area corrections is shown to cause small difference in calculated stresses (La Rochelle et
al. 1988). In the current study, the specimen is assumed to deform as a right cylinder. The area
correction is further discussed in Chapter 6 when analyzing results of BSM sand.
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A.4

Extrapolation procedure

Drained and undrained results were extrapolated using methods proposed by Murthy et al. (2007)
and discussed by Ghafghazi and Shuttle (2005). The method of Murthy et al. (2007) was
originally introduced for undrained tests, however it was also applied to drained tests for the
current work. The method involves curve fitting to existing data using a sigmoidal function, and
then extrapolating the fitted curve to a constant stress (for undrained tests) or volume (for
drained tests) condition. For drained tests, the stress ratio – dilatancy relation was plotted for
each test, and then extrapolated to a point of zero dilatancy as has been described by Ghafghazi
and Shuttle (2005).
Curve fitting
The curve fitting procedure and equations are described in detail in Murthy et al. (2007). Key
points of the procedure are briefly described here.
Drained tests:
o εv – εa and dεv - dεa (determined using the central difference method) are plotted (Figure
A.3a and A.3b). In dilative material, there exists a point of inflection in the εv – εa
relationship at Dmin where the rate of volumetric expansion begins to slow, and the
material begins to trend towards a constant volume – stress condition (the critical state).
This point can be determined in the dεv - dεa relationship as a local minimum.
o A sigmoidal function is fit to the dεv - dεa relation starting at the local minimum
corresponding to Dmin, the point of inflection in the εv - εa relationship (Figure A.3a).
o The sigmoidal function is integrated using Heun’s method, and applied to the εv – εa
curve (Figure A.3b). The residual sum of squares (RSS) between the fitting curves and
test data from the point of inflection to the end of test is calculated for each relation (dεv 154

dεa and εv - εa). Two sets of optimal fitting parameters (one for each relation) are
developed to minimize the error between the fitting curve and test data for each relation.
o A final set of optimal parameters is chosen to minimize a combination of RSS from each
curve. Once the optimal parameters are determined, the curve is extrapolated to a
constant volume condition (Figure A.3a and A.3b).
Undrained tests:
o p′ – εa and dp′ - dεa (determined using the central difference method) are plotted (Figure
A.4). In dilative material, there exists a point of inflection in the p′ – εa relationship at
where the rate of negative excess pore water pressure development begins to slow, and
the material begins to trend towards a constant stress condition (the critical state). This
point can be determined in the dp′ - dεa relation as a local maximum.
o A sigmoidal function is fit to the dp′ - dεa relationship starting at the local maximum
corresponding to the point of inflection in the p′ - εa relation (Figure A.4a).
o The sigmoidal function is integrated using Heun’s method, and applied to the p′ – εa
curve (Figure A.4b). The RSS between the fitting curves and test data from the point of
inflection to the end of test is calculated for each relation (dp′ - dεa and p′ - εa). Two sets
of optimal fitting parameters (one for each relation) are developed to minimize the error
between the fitting curve and test data for each relation.
o A final set of optimal parameters is chosen to minimize a combination of RSS from each
curve. Once the optimal parameters are determined, the curve is extrapolated to a
constant stress condition (Figure A.4).

155

Stress ratio
The η - dεv/dεa relation of each test is plotted (Figure A.3c). Post ηmax - Dmin the rate of volume
change decreases towards zero. For tests that do not reach the critical state, MTC was determined
by extrapolating the post ηmax, η - dεv/dεa relationship to a point of zero dilatancy using a linear
trendline (Figure A.3c). The average MTC determined from drained tests is then applied to
extrapolated undrained tests. Alternatively, the stress ratio at the point of phase transformation
could be used as MTC for undrained tests (as the two have been found to be equal by Negussey et
al. 1988, and Verdugo and Ishihara 1996), however this was not done for the current work.
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Table A.1 Normalized unit membrane penetration, m, as determined by three methods
Normalized unit membrane penetration, m x 1000*
Material/Gradation
FR sand

D50
(mm)
0.28

Measured (Vaid and
Negussey 1984)
2.7

Sivathayalan and Vaid
(1998)
3.2

Baldi and Nova
(1984)
2.0

BSM-10/18 sand

1.50

18.0

17.3

18.1

BSM-7:15 sand

1.42

14.8

16.3

16.7

BSM-7:35 sand

1.26

4.2

14.5

14.3

BSM-10:35 sand
1.85
3
2
* cm /cm per log10(σ′r) (kPa)

2.5

21.3

23.8
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Figure A.1 Variation of m with Sf

Figure A.2 Variation of m with IG
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Figure A.3 Example of extrapolation to the critical state for a drained test on FR sand (FR-D-WP-50)
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Figure A.4 Example of extrapolation to the critical state for an undrained test on FR sand (FR-UD-WP-40R)
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Appendix B Specimen homogeneity
B.1

Introduction

The research work presented in this thesis is primarily concerned with gradations that are
designed to be internally unstable. When working with these gradations, heterogeneities in terms
of Sf and void ratio distribution in reconstituted specimen is a key concern. Methods of specimen
reconstitution must be able to produce reasonably homogenous test specimen, such that the
effects of different test variables can be adequately characterized. This section details an
experimental investigation to test the homogeneity of internally unstable glass bead specimens
reconstituted by moist tamping and slurry deposition.
B.2

Materials and methods

The glass beads, manufactured by Potter’s industries, are rounded and have a specific gravity of
solids, Gs (ASTM D854) of 2.49 (Slangen 2015). A single gradation was selected for testing
(Figure B.1), which was found to be highly internally unstable by Slangen (2015). Like BSM
sand, the gradation is characterized by its D′15/d′85 ratio (7) and Sf (35%). The gradation is highly
unstable, thus was chosen as an extreme case in terms of susceptibility for particle segregation.
Slurry deposition and moist tamping were used to reconstitute the specimen. These reconstitution
methods are described in detail in Chapter 3. Key details of the test procedure are outlined
below.
Slurry deposition
Specimens were placed within the membrane-lined split mold in the same manner described in
Chapter 3. Excess material was siphoned, and the top cap was placed atop the specimen for a
height measurement using the dial gauge.
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Moist tamping
Specimens were placed and saturated in the same manner as discussed in Chapter 3, with one
minor exception; CO2 percolation was not performed. Post water percolation, the vacuum on the
specimen, which was kept low for these tests (approximately 5-10 kPa), was released and a dial
gauge measurement of the height was taken.
Exhuming test specimens
Specimens were exhumed in six layers of equal thickness (Figure B.2). The membrane-lined
mold was kept in place throughout the exhumation procedure. Once a height measurement had
been taken for either a moist-tamped or slurry-deposited specimen, the top cap was removed. A
valve connected to the base pedestal was opened, and the specimen was drained (Figure B.2a).
The reservoir to which the specimens were drained was initially kept at approximately the same
elevation as the top of the specimen, then lowered in small increments to avoid imposing large
hydraulic gradients across the specimen during drainage.
Once drained, a PVC dummy top cap was placed back on the specimen for a height
measurement, using the LPOT (fixed to the triaxial frame) rather than the dial gauge. The top cap
was removed, and a layer of a predetermined thickness of material was siphoned with a low
vacuum (Figure B.2b). The vacuum was fixed to a levelling bar which lies across the top of the
split mold. Capillary tension within the drained specimen prevents particle migration between
layers and loosening of the specimen due to the vacuum. Siphoned layer material was transferred
to a metal dish to be dried and weighed. Once the layer had been completely removed, the
dummy top cap was placed back on the specimen and a height measurement was taken with the
LPOT (Figure B.2c). The void ratio of the layer can then be calculated from the cross sectional
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area of the mold, the measured height of the layer using the LPOT, and the dry mass of siphoned
material. The gradation of the layer could be determined from a subsequent sieve analysis.
The LPOT has a linear range of 45 mm, but the specimen has a height of 150 mm. For the
bottom layers of the specimen, precisely machined gauge blocks, used for LPOT calibration,
were placed on top of the top cap to reach the LPOT at lower depths within the mold.
Discrete area measurements were taken along the height of the membrane-lined mold using the
method proposed by Vaid and Sivathayalan (1996). The area along the height of the mold was
found to have insignificant variation, thus the average cross sectional area of the membrane-lined
mold was used for void ratio calculations.
In addition to quantitatively assessing void ratio and Sf variation, two specimens were
reconstituted by moist tamping and slurry deposition within a clear glass tube to quantitatively
assess homogeneity. Specimens reconstituted within the glass tube had the same nominal
dimensions of those reconstituted within the membrane-lined split mold (7.5 cm diameter by
15.0 cm height). The moist-tamped specimen reconstituted in the glass tube was not saturated.
B.3

Results and analysis

Qualitative results
Figure B.3 depicts a moist-tamped and slurry-deposited specimen reconstituted in a glass tube
for qualitative observations. As mentioned previously the moist-tamped specimen is unsaturated.
Upon inspection, both specimens appear to have a homogenous periphery in terms of Sf. It can
be observed that there are distinct layer boundaries within the moist-tamped specimen, as has
been reported by others (e.g. Riemer 1992, Mulilis et al. 1975). Also it appears that there is a
tendency for increased Sf at these layer boundaries. A consequence of tamping specimens in 10
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layers is that more of these boundaries exist, however there is more control of variations in
gradation and void ratio if the specimen is reconstituted in many layers. It is unclear what
happens to these layer boundaries as the specimen is saturated.
Quantitative results
Void ratio and Sf variation along the specimen height are shown in Figure B.4. The slurrydeposited specimen were observed to have slightly larger maximum variation, with 0.04 and 5%
in terms of void ratio and Sf, respectively (Figure B.4a and B.4b). Higher Sf was measured at the
base of the specimen than the top. The tendency when depositing the specimen was a particle
migration from the top to the bottom of these specimens of highly unstable glass beads.
The saturated, moist-tamped specimen was observed to have a maximum variation of 0.02 and
2% in terms of void ratio, and Sf respectively (Figure B.4c and B.4d). Minimal variation in Sf
was measured post saturation, thus water percolation and collapse of the specimen did not result
in significant particle migration. In general, the moist-tamped specimen was found to be very
homogenous. It should be noted that this took trial and error when choosing and undercompaction percentage. When an adequate under-compaction percentage was chosen, the
method proposed by Ladd (1978) was observed to yield a homogenous specimen.
It is important to note that the specimen homogeneity was assessed for both cases without
imparting any consolidation pressures. Triaxial specimen have been shown to become
increasingly homogenous in terms of void ratio distribution with consolidation and triaxial
compression (Thomson and Wong 2008).
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B.4

Conclusions

Based on the results, the following was found to be true for the study on gap-graded glass beads.
o The action of capillary tension when placing a moist-tamped specimen results in little to
no particle segregation upon placement, provided that the fine-coarse mixture is
thoroughly mixed beforehand. This yields a very uniform specimen in terms of gradation.
Qualitatively, there appears to be a slight tendency for increasing Sf the top of each
placed layer and layer boundaries can be observed.
o A desirable feature of slurry-deposited specimens is the lack of layering: qualitatively the
mixture appears very homogenous.
o Both moist tamping and slurry deposition were observed to yield a reasonably
homogeneous specimen. Moist tamping was observed to yield a relatively more
homogeneous specimen in terms of spatial variation of Sf and void ratio post saturation.
This is due to difficulties when placing a slurry-deposited mixt that is extremely
internally unstable, it is difficult to not have particle segregation.
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Figure B.1 Glass bead gradation GB-7:35 particle size distribution curve

Figure B.2 Method of exhuming specimens (a) drain specimen post reconstitution, (b) siphon layer material
to be dried and weighed and (c) take a height measurement at the top and bottom of each layer
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Figure B.3 Qualitative observations of (a) slurry-deposited and (b) moist-tamped specimens reconstituted
within a glass tube
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Figure B.4 Homogeneity in terms of e and Sf along the specimen height for slurry-deposited (a and b) and
moist-tamped (c and d) specimens
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Appendix C Recommendations for determining CSL parameters
There are many factors to address when developing a test program to generate a CSL for
predominately sandy material. Key considerations for monotonic triaxial compression tests on
isotropically consolidated specimens are reviewed herein, together with a series of
recommendations.
C.1

Methods and equipment

Test equipment should have the ability to shear to εa ≥ 20%. As has been suggested by others
(e.g. Jefferies and Been 2016) enlarged end platens are desirable, however not a necessity.
Others have argued for the use of lubricated end platens, in which case a bedding correction
should be considered. Enlarged and lubricated end platens will result in diminished boundary
effects, which is desirable at large strains. Although enlarged lubricated end platens were not
used in the current study, similar values of both eCS and MTC were reached at low strains and
high strains, for loose and dense specimens, respectively.
It is highly recommended that the void ratio of the specimen be measured at the end of shearing,
in addition to post-reconstitution, by either freezing (Sladen and Handford 1987) or using a
procedure such as the one proposed by Verdugo and Ishihara (1996). Accuracy of void ratio and
stress measurements are essential for an accurate loci and to reduce the number of tests required
to have confidence in CSL parameters.
To generate critical state data at low stresses, moist tamping is almost certainly necessary.
Undrained tests on very loose specimens are required to generate CSL data at low stress, and the
high void ratios required are typically inaccessible by other reconstitution methods (Vaid et al.
1999). Capillary tension of moist-tamped specimens allows for very loose initial placement
densities. It is recommended moist tamping be performed to a target void ratio rather than a
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target compactive effort, as explicit control over the void ratio is desirable for this program of
testing.
C.2

General considerations

Previous researchers have recommended different combinations of drained and undrained tests to
determine the critical state of uniformly graded material (see Jefferies and Been 2016 and Jin et
al. 2015). Ideally, to characterize the critical state, a significant number of drained and undrained
tests should be performed to minimize the influence of measurement errors (see for example
Been et al. 1991 and Verdugo and Ishihara 1996). Due to project constraints, this is not always a
possibility.
There is no definitive number of tests to determine a CSL as this will be heavily dependent on
the stress range of interest and the desired accuracy and confidence in the data. The
recommendations herein to determine CSL parameters for gap-graded and uniformly graded
material are conceptual, and based on the author’s experience. As has been pointed out by others,
it is desirable to test LOC material for the following reasons:
o Loose material reduces the likelihood of the formation of concentrated zones of shear
within the specimen, where local void ratios vary from the global void ratio, and the area
correction becomes invalid.
o It is more likely that the critical state will be reached within the constraints of the test
device, likely at low to moderate strains, which minimizes boundary effects and the
relative magnitude of test corrections.
That being said, it has been shown in this thesis and elsewhere, it is still possible to reach the
critical state with predominately dilative material at large strains.

170

Estimating location of CSL in compression plane
It is desirable (though not a necessity) to have a general indication of where the CSL may locate
in the compression plane when testing a new material, as an aid for informing a test program
(specifically, the target void ratios for testing). For uniformly graded material, Jefferies and Been
(2016) suggested that at p′CS = 10 kPa, eCS will be approximately equal to emax, albeit with
significant scatter around the proposed correlation. In Chapter 6 it was observed that sands with
similar particle shape and mineralogy have similar plotting position in the compression plane,
which could be used as a preliminary estimate, if data on a similar material exists.
There is more uncertainty in estimating the location when working with gap-gradations. Fewer
data are available. Furthermore, emax does not appear to provide a good indication of where the
CSL plots in the compression plane. For example, Ouyang and Takahashi (2016) report an emax =
0.74 for a gap gradation with Sf = 35%, and for the same gradation, eCS = 0.56 at p′CS ≈ 5 kPa.
Moist-tamped specimens that are reconstituted too loose are susceptible to significant collapse
upon saturation, which could result in particle segregation and a wrinkled test membrane
(Ishihara 1993). Those reconstituted too dense may be incapable of reaching the critical state.
In the Author’s experience, water deposition (water pluviation or slurry deposition, depending on
gradation) yields an initial void ratio that is DOC, yet reasonably close to the CSL in the
compression plane, such that the material will be dilative, but still capable of reaching the critical
state.
C.3

Drained vs. undrained tests

Drained or undrained tests can be used to acquire CSL data, with different benefits to each test
condition. Drained tests target specific critical stress points (p′CS) along the locus. Regardless of
initial void ratio, drained tests at the same level of confining stress will converge to the same p′CS
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and eCS at the critical state, which will be dependent on MTC (constant material property) and σ′r
(controlled test parameter).
Undrained tests target specific eCS values along the locus, with no control of p′CS. Regardless of
initial confining stress, undrained tests at the same void ratio will converge to the same p′CS and
eCS at the critical state, which will depend on MTC (constant material property) and ec (controlled
via specimen reconstitution).
While there is no set number of tests to generate a CSL, the test program will likely require at
least one drained and undrained test. Jefferies and Been (2016) pointed out that there are likely
limits on which drainage condition can be used to generate different portions of the CSL. At
p′CS<50 kPa, LOC undrained tests are necessary. From a practical standpoint it would be very
challenging to perform a drained test that would terminate at such a low stress. Similarly, it is
undesirable to generate CSL points at high stresses using LOC undrained tests. These tests would
require large consolidation pressures, which may yield particle breakage, and require a high
pressure triaxial assembly.
C.4

Proposed test program

A proposed test program and test order is described below to efficiently generate CSL
parameters with a combination of drained and undrained tests. It is ordered in a series of plotting
points, the basis of which are described.
Plotting point 1: IC-D test, LOC or DOC - Figure C.1
The objective is to establish where exactly the critical state locates for a point in the middle of
the stress range of interest (in e-logp′ space). It is desirable to do a drained test, and thereby
target a specific p′CS.
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Initial void ratio:
As noted earlier, there is uncertainty regarding a target post-consolidation void ratio for this test.
For uniformly graded material, a pragmatic value is that of emax. However, for gap-graded
material emax is not a good indicator of the CSL location. In the current research work, slurry
deposition was found to result in a void ratio reasonably close to the CSL in e-logp′ space, such
that the specimen will likely be dilative, but still capable of reaching the critical state. If moist
tamping is the reconstitution method to be employed, it may take trial and error to reconstitute a
specimen to an appropriate void ratio that does not result in significant collapse upon saturation,
and yet isn’t too dense for critical state testing.
Target Stress:
Prior to determining plotting point 1, it is desirable to estimate MTC, likely between 1.2 to 1.5,
with higher values for more angular material. It is recommended to target a value of p′CS that is
in the middle of the desired CSL stress range. The cell pressure with which to perform the test
can then be estimated by the following equation:
1

σ′rc = 3 p′ CS (3 − MTC )

Eqtn. C.1

Note, that regardless of whether the specimen is LOC or DOC, it will trend to the same p′CS.
The middle of the stress range is recommended for this test for the following reasons, which are
related to uncertainty regarding the CSL location in e-p′ space:
o At a moderate stress level, this specimen can still be reconstituted DOC and reach the
critical state; in contrast, at low stresses, the material will likely be more dilatant.
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o At high stresses a steepening of the CSL has been observed, therefore eCS values at these
stresses may significantly differ from those at low stress, and not give a good indication
of where the rest of the CSL lies in the compression plane.
Plotting point 2: IC-UD test, LOC - Figure C.2
Plotting point 1 provides an indication of eCS at approximately the middle of the CSL plot. This
information can then be used to establish a second plotting point. While eCS and p′CS at the
middle of the locus is known, the slope is still unknown. The purpose of plotting point 2 is to
begin to establish the slope of the CSL.
The second test is an undrained test at approximately the same confining stress as p′CS of plotting
point 1, informed by eCS being known. Therefore a LOC void ratio can be targeted. It should be
noted that this will almost certainly necessitate the use of moist tamping for specimen
reconstitution.
When targeting a post consolidation void ratio that is LOC, the following should be considered:
o If too large a void ratio is chosen for this test, the test may result in high Δu, such the test
terminates at a p′CS = 0 (Verdugo 1992).
o Alternatively, if too small a void ratio is chosen, the p′CS of the test will be unacceptably
close to plotting point 1, and therefore not overly helpful for an initial estimate of the
slope of the CSL.
Judgement will need to be exercised as to what void ratio to target for this purpose.
Point 2 is aimed at determining the CSL at lower stresses for the following reasons:
o If material is to be reused, there will be less of a chance of particle breakage in this test
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o The CSL likely steepens at higher stresses. By establishing the CSL at lower stresses
first, it will be easier to target LOC void ratios for subsequent tests in the series.
It can be a process of trial and error to target a specific void ratio by moist tamping. If the
specimen is too dense to establish point 2, it is recommended to perform a drained test at a
higher confining stress to generate plotting point 3.
Plotting point 3: IC-D test, LOC - Figure C.3
This test is to determine where the locus lies at the high end of the desired stress range. This test
should be a drained test for reasons described earlier. Similar to plotting point 1, the confining
pressure should be chosen based on the desired p′CS and Eqtn. C.1. However, unlike plotting
point 1, a more accurate MTC can be used in this equation based the previous two tests
performed. This test should be performed LOC.
Plotting point 4: IC-UD test, LOC - Figure C.4
The purpose of this plotting point is to determine the CSL location at the minimum stress of
interest, if plotting point 2 has not already provided it. The approximate CSL slope from
previous tests should be known, and therefore targeting the eCS should not be a challenge. This
test must be undrained in order to determine p′CS at very low stresses.
It is important to note that, at such low stresses, the contribution of stress corrections to the
calculated stress is greater, therefore the calculated stress condition may not be as accurate (see
the variation of φCS with eCS in Been et al. 1991). This is important to keep in mind when
reviewing results.
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Plotting point 5+: IC-UD or IC-D test, LOC or DOC - Figure C.4
The purpose of these additional points is to fill in gaps in the locus, which may or may not be
necessary based on the desired accuracy, the stress range, and the confidence in plotting points 14. These tests can be drained or undrained, however in the experience of the author it is easier to
target a specific p′CS with a drained test than it is to target a specific void ratio with an undrained
test.
Additional recommendations
Once tests have been performed, it is desirable to validate measurements of individual tests at
large strain (e.g. MTC), to ensure health/reliability of large strain measurements. A number of
methods exist for this purpose (e.g. Bishop 1971, Bolton 1986, Negussey et al. 1988). For the
current work, the Bishop Method (Bishop 1971) and the comparisons proposed by Negussey et
al. (1988) were demonstrated to work well.
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Figure C.1 CS test program: plotting point 1
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Figure C.2 CS test program: plotting point 2
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Figure C.3 CS test program: plotting point 3
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Figure C.4 CS test program: plotting points 4+
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