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Abstract

In March of 1994, a slope failure, which this research presumes to be a flow liquefaction
event, occurred in the coal ash tailing facility at the TransAlta Wabamun generating
station. In-situ testing carried out in the ash deposits indicate the ash is a weak, highly
compressible granular material that may be weakly cemented. Laboratory testing of
reconstituted samples defined state boundaries and the relationship between shear wave
velocity, void ratio and effective confining stress. The method described by Cunning
(1994), predicts the in-situ response of the material to be strain hardening. This
inconsistency with the proposed failure mechanism is discussed. As experience given in
the literature with lightly cemented carbonate sands indicates that cementation can cause
material to become brittle and strain softening, this report concludes there is a need for

further work to understand cementation in granular materials and the possible role of

cementation in the Wabamun ash deposits.
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1. Introduction

1.1.  Object of this Research
In March of 1994, a slope failure of a cell dike occurred in the coal ash tailings

facility at the TransAlta Utilities generating station in Wabamun, Alberta. Eyewitness
accounts of the failure led researchers at the University of Alberta to believe that this
failure was a liquefaction flow slide. Recent work at the University of Alberta (Cunning,
1994) led to the development of a procedure for evaluating flow liquefaction potential
based on in-situ testing. The failure at the Wabamun coal ash tailings lagoon presented

an opportunity to apply the method proposed by Cunning (1994) to a deposit that was

known to liquefy.

The method of flow liquefaction analysis proposed by Cunning (1994) makes use
of field measurements of shear wave velocity combined with a program of laboratory
triaxial testing with shear wave velocity measurements to predict the flow liquefaction
potential of in-situ deposits. In this research, a program of field investigations including
sampling and in-situ testing using cone penetrometer (CPT) and spectral analysis of
surface waves (SASW) was undertaken in the summer and fall of 1994. This was
combined with laboratory index and triaxial testing to characterize the Wabamun ccal ash

deposits with respect to flow liquefaction.

1.2. Organization of the Thesis

Chapter 2 of this thesis gives a brief history of the coal ash storage lagoons on the
Wabamun site, and gives a brief outline of the failure event. Included in the outline is the

eyewitness account of the failure.

Chapter 3 of this thesis summarizes the literature review, including relevant topics
and available site records. Literature review included investigation of critical state soil
mechanics concepts, the nature of coal ash material, the behavior of compressible

granular materials, the effects of aging on soils, and the method of flow liquefaction



evaluation used in this research. Records obtained from TransAlta Utilities and other
sources include aerial photographs of the ash lagoons and surrounding area, us-built
survey data for cell 3 in the 1977 ash lagoon, and a copy of a video taken during a post-

failure tour of the site.

Chapter 4 details the site investigation and material characterization undertaken in
the summer and fall of 1994, Site investigation included bulk and in-situ sampling, CPT

testing, and in-situ shear wave velocity measurement using SASW.

Chapter 5 outlines the program of triaxial testing with shear wave velocity

measurement.

Chapter 6 details the results of the triaxial test program. Ultimate steady state
parameters were determined, and a relationship between void ratio, effective stress and

shear wave velocity proposed for this material.

Chapter 7 discusses the analysis of the test results. This analysis includes large
strain consolidation characteristics of the coal ash, the classification of the soil based on
the in-situ testing program, and the prediction of liquefaction potential for the ash

deposits based on the laboratory and field testing.
Chapter 8 presents a summary and conclusion for the work.
Chapter 9 proposes further research into the behavior of coal ash.

Appendix A gives a detailed description of sample preparation for triaxial testing.



2. Site History
The TransAlta Utilities Wabamun Generating Station is located approximately 70

km west of Edmonton. The facility consists of the Whitewood open pit coal mine, the
Wabamun Plant, and four ash disposal lagoons. Figure 2.1 shows an aerial view of the
site taken in September of 1991. The Wabamun Plant is a 4 unit, 590 MWe coal fired
electric generating station that burns pulverized sub-bituminous and bituminous coal
from the Whitewood mine. As a byproduct it produces coal ash as bottom ash and fly
ash. Bottom ash, the portion of the burned coal that falls to the floor of the power units,
has traditionally had no commercial value and is therefore disposed of on site by slurry
pumping to ash tailings lagoons. Fly ash, which is collected by scrubbers in the
chimneys is either sold as a concrete additive, or when supply exceeds demand, disposed

of by trucking back to the mine or by mixing with the slurry feed to the ash lagoons.

Statistics compiled by the International Energy Agency Coal Research Project for
1992 (Maude et al., 1994) indicate that the four burner units at the Wabamun plant
consume 2.61 million tons per year of coal with an average ash content of 17.3% by
weight. This corresponds to an annual ash production of 451,530 tons. Given that
bottom ash represents about 20 to 30 percent of the total ash (Joshi, 1981) and has an
average dry density of 13.5 KN/m’ at 95 % proctor (Geotechnical Department of Helsinki,

1983), annual production of bottom ash is in the order of 100,000 m’,

2.1.  Ash Lagoon Construction
The Wabamun site contains four ash disposal logoons -- the fully reclaimed East

Ash Lagoons, the inactive West Ash Lagoon, the dormant 1971 Ash Lagoon, and the
presently active 1977 Ash Lagoon. The Lagoons consist of engineered retaining dikes
ranging in height from a few meters up to approximately 15m. Operation of the lagoons
originally consisted of feeding the ash slurry into the ponds from a single discharge point,

with the pond water elevation kept constant, until the ponds were filled to capacity.



These ash lagoons were intended to have sufficient capacity to store all the ash
produced until the projected closure of the plant in the year 2003 (Maude et al.. 1994).
However, since the late 1980’s, the combined demands of diminishing storage space and
increased environmental concern brought about the improvement of the ash lagoon
system by the implementation of cell construction. This would serve to increase both ash
storage capacity and decant water rétention time in the system. In total three cells were
constructed on top of the existing beach in the 1977 Ash Lagoon. Figure 2.2 shows an
enlargement of the August, 1993 aerial view with the 1977 Ash Lagoon cells identified.
Cell walls were constructed of random borrow material from the original ash deposits.
placed in lifts and compacted by scrapers and bulldozers. Most of the cell walls were
constructed of ash beach deposits placed above water (Beach Above Water, or BAW)
material and founded on BAW. However, the west wall of cell 3 was constructed along
the waterline of the existing beach, and may overlap in some locations onto ash deposited
below water (Beach Below Water, or BBW).  Cells were lined with minus 75 mm (-37)
gravel as an erosion control measure, and the same material was used to cap the roadway
on top of the cell walls. No erosion control measures were considered necessary for the
downstream face of the cell walls. Operation of the ash cells was similar to that of the
ash lagoons, with slurry being fed into the ponds while the decant water level was held

constant.

Increasing environmental demands require that producers of coal waste material
must pursue new uses of power plant ash. By implementing the construction of ash cells
on the BAW slope, one new stage of pond operation could be implemented. After the ash
cells are full and the material has fully drained, the ash can be removed from the cells by
truck and loader and sold. Market uses for the material include aggregate for subbase
course, aggregate in bitumen, underdrain material, and lightweight concrete aggregate

(Tripodi and Cheremisinoff, 1980).

2.2.  Description of Failure
In Mid-March of 1994, during a routine night shift inspection of the 1977 ash

lagoon cells, it was noted that water was overtopping the dike midway along the west



wall of cell 3. An equipment operator was called to the area to attempt remedial work,

and the following account of the failure is based on his description.

On arrival, the contractor noted that water was flowing over the dike in a stream
about one meter wide and less than a 30 centimeters deep. While the road bed was
sufficient to stop downcutting by the water, he noted significant erosion of the
unprotected downstream toe of the dike. He immediately instructed his assistant to get a
front end loader and attempt to find material competent enough to stop the overflow.
Meanwhile he went to the plant to try to get the slurry feed to the cell stopped, and to get
a truckload of coarse material brought to the dike. He then returned with a D-6 cat to
assist in trying to stop the erosion. By this time, he estimated that as much as one third of
the dike width at the toe of the dike had been eroded away. At no time did the toe erosion
encroach back to the top of the dike. He could not provide a reliable estimate of the
length of dike affected by the erosion. Before any significant remedial work could be
done, he felt the ground shift, and immediately moved back from the area. As he was
doing so, the eroded section of dike failed and flowed away. This was followed over the
course of a few minutes by sections of dike on either side of the failure ‘opening like
floodgates’ until some 275 m of dike had flowed up to 75 m out into the lagoon. The

resulting wave in the lagoon cleared almost all the ice off the lagoon, and downed a

nearby powerline.

It is unclear from this account exactly why the dike was overtopped. It is possible
that the decant pipe was dammed by ice, and that the pond subsequently overfilled. It is
also possible that excessive settlement may have occurred in a section of the dike
resulting in a loss of freeboard. While one employee of TransAlta utilities stated that

there had been previous problems with excessive settlement in the west wall of cell 3, this

could not be reliably confirmed.

2.3.  Discussion of Failure
Figure 2.3a shows a cross section through cell 3 and the 1977 ash lagoon. This

section makes use of site survey data (section 3.2.2) and observations made on site of the



BAW and BBW slopes (section 4.1). Figure 2.3b shows an enlargement of the cell 3 dike,
along with the erosion limit described in the eyewitness account (section 2.2) and the

failure surface inferred from the site video (section 3.2.3).

Figure 2.3 leads to the inference of two possible mechanisms for the failure. In onc
possible mechanism, the toe erosion reduced support of the dike, water pressure behind the
dike overcame frictional resistance along the failure surface, and the dike was pushed out.
Figure 2.4 shows a Slope/W slope stability analysis for this case. The material was
assigned a total unit weight of 13 KN/m’, a ¢ of 30’ and no cohesion, and the specified slip
surface analysed using Bishop’s method . The cross section represents the condition of the
eroded portion of the dike at the time the failure occurred. This analysis gives a factor of
safety for this type of failure as 2.474, which strongly suggests that this mechanism was not

responsible for the failure.

The second mechanism considered is a liquefaction failure. In this mechanism,
the toe erosion caused an increase in shear stresses along the failure surface, triggering
liquefaction of the soil and the failure of the dike. This is the mechanism that this thesis

attempts to analyse.



~a

Figure 2.1:  Aerial photograph overview of the Wabamun site. (Maps Alberta
Airphote #4212-208)



Figure 2.2:  Aerial photograph of the 1977 ash lagoon with cell numbers indicated.
(TransAlta Utilities)
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3. Background Research

3.1. Literature Review

Literature reviewed included investigation of critical state soil mechanics

concepts, the nature of coal ash material, the behavior of compressible granular materials,

and the effects of aging on soils.

3.1.1. Critical State Soil Mechanics (CSSM)

CSSM will be used as a framework to describe the results of the triaxial testing
program, and to model the cohesionless soils investigated. CSSM states that a soil exists
in a void ratio and stress state such that it is either loose or dense of critical or steady state
(CS). We can define in void ratio (), mean normal effective stress (p') and deviator
stress (q) space boundaries that separate states in which a soil can exist from those at
which they cannot. These are referred to as state boundaries. We can also define in the
same space an ultimate steady state line (USSL) toward which soil conditions will
ultimately move under conditions of shear ioading. Finally, Sasitharan (1994) defined a
collapse surface in this space which describes a triggering condition for collapse,
regardless of stress path.  Figure 3.1 shows a schematic plot of this general three

dimensional space. For the triaxial tests described here, the following definitions will

apply:
, o1'+(2c7
P =__%__) [1]
g =(c1'-c4) [2]
where: ©,' = Major principal effective stress

Minor principal effective stress
First invariant of the stress tensor
= Second invariant of the stress tensor

ok ]

£ T
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This three dimensional space is often displayed on two planes, as shown in figure
3.2. Figure 3.2a shows the e versus log p' plane, used to show consolidation data and the
USSL. Figure 3.2b shows the normalized stress path plane q/p'ys versus p/p'y. This
normalization, described by Sladen and Oswell (1989) removes the effect of void ratio,

allowing the USSL to be seen as a point and the collapse surface as a linec.

Figure 3.2 also defines the CSSM parameters for describing a soil. If the USSL is
assumed to be a straight line in e-log p' space over a specified stress range, the following

parameters can be used:

= The intercept of the USSL at p' = 1 kPa in e versus In p'
M, = The slope of the USSL in e versus In p’

M = Qu/Pluss
s = Slope of the collapse surface in the stress path plot through the USS
point (Sasitharan, 1994)

The parameter M is further defined as the slope of the constant volume friction
angle line (¢, line). In the plot of q/p',, versus p'/p'y, figure 3.2b, this line passes from
the origin through the USS point. The parameter M is further related to the mobilized
friction angle ¢ by the equation:

Within this framework, Robertson (1994) defines the behavior of individual
triaxial tests as strain softening (SS), strain hardening (SH) or limited strain softening
(LSS). These terms are defined in terms of q versus p' and q versus shear strain space in

figure 3.3.

3.1.2. Evaluation of Flow Liquefaction Potential
Cunning (1994) suggested a procedure for evaluating the potential for flow
liquefaction based on the laboratory determined e-p'-V; relationship and USS parameters

and field measured values of shear wave velocity (V) against depth. The depth can be
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converted into vertical effective stress (c,') using the bulk density of the soil and the

depth of the water table. Vertical effective stress can then be converted to p' according to:

p= 2 (14 2K0) [4]

where: K, = The ratio of horizontal effective stress to vertical effective stress

These data points of coordinates V and p' can be plotted along contours of V in

e-p' space. The USSL can also be plotted in e-p' space.

The location of the in-situ V points relative to the USSL gives an estimate of the
large strain behavior of the material. Data points which plot above the boundary have the
potential for flow liquefaction if the material is strain softening. The potential for strain
softening must be determined in the laboratory using samples of the material consolidated
to similar values of p' and V,. Data points which fall below the USSL should exhibit a
dilative response, and the potential for flow liquefaction does not exist. The problem of
cyclic liquefaction under cyclic loading may still exist, and should be investigated by

other methods (Robertson et al., 1992).

3.1.3. The Nature of Coal Ash Material
Coal ash forms due to the presence of non-combustible mineral constituents in the
coal. Specifically, it is the residue of these mineral constituents after they have been heat

treated in the coal furnace (Joshi, 1981). The Geotechnical Department of Helsinki

(1983) describes three main types of coal ash:

| Fly ash: The portion of ash which is separated and recovered from flue
gasses. This is subdivided according to the type of furnace:

Ia-  Fly ash from a power plant burning pulverized coal. This accounts
for 70% to 90% of the total weight of ash. It is light gray to
blackish gray in color, and of silt size. It will generally harden
when compressed using a suitable amount of water.
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Ib-  Fly ash from a power plant burning crushed coal. This accounts
for less than half the total weight of ash produced. It is most often
black in color, and of fine sand size. It does not harden when
compressed, but rather behaves similarly to a sand of
corresponding grain size.

Il Bottom ash: The portion which is collected from the bottom of a
pulverized coal furnace. It accounts for 10% to 30% of the total weight of
ash. It is light gray to brownish to blackish gray in color, and of medium
coarse to cuarse sand in size. Grains can be either jagged with a porous
surface, or sintered with a vitreous surface. Fine portions will contain fly
ash particles to some extent.

I Bottom Slag: The portion which is collected from the bottom of a crushed
coal furnace. It accounts for greater than half of the total weight of ash
produced. It is dark brown to blackish gray in color, and of fine to
medium-coarse gravel in size. Grains can be either jagged with a porous
surface, or sintered .ith a vitreous surface. Its behavior is similar to an
aggregate of corresponding grain size.

Joshi (1981) describes the formation of ash within a suspension fired furnace. A
typical Alberta coal contains waste that is about 60% clay in the form of kaolinite or
montmorillonite, 15% to 20% pyrite and calcite, and up to 5% trace minerals. These
minerals melt in the flame zone in the furnace, and as a result undergo physical and
chemical changes in the presence of excess air. Pyrite forms iron oxides, clay forms glass
spheres of complex silicates as well as some quartz, and calcite forms calcium oxide,
calcium hydroxide, calcium silicate and calcium sulfate. Gasses may be trapped in the
particles, giving rise to cenospheres. The exact nature of the products from this process
depend in large part on the type and composition of the source coal, the gradation of the
pulverized coal, and the particle retention time within the hot zone of the furnace (Joshi
and Rosauer, 1973). The fly ash particles are quenched as they leave the hot zone of the
furnace, producing a heterogeneous mixture of highly vitreous spherical particles,
crystalline matter and unburned coal. Fly ash may be further altered by chemicals in

either the collection or stabilization process. Bottom ash is produced by sintering of
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particles. Sintered and molten ash particles are too heavy to be carried by the flue gasses,

and fall to the bottom of the furnace.

Many studies document properties of ashes from specific sources. Due to the
variation in these properties both between different sources and between different
samples from the same source, Tripodi and Cheremisinoff (1980) present a range of
major constituents of coal ash. This data is shown in Table 3.1. Note that this range does
not distinguish between either ash type or furnace type. For comparison, analysis of the

Wabamun fly ash (Joshi and Marsh, 1987) is also presented in table 3.1.

3.1.4. Behavior of Compressible Granular Materials
The porous, angular and friable nature of coal ash suggested by the Geotechnical
Department of Helsinki (1983) and observed in the Wabamun ash material (section 4.2)

suggests that compressible behavior similar to that of a carbonate sand may be observed.

Semple (1988) identifies three important features of carbonate soils that effect
their primary engineering characteristics: highly angular and weak grains, variable

cementation between particles, and variability in particle type and size distribution.

Highly angular and weak grains result in few interparticle contact points, and high
intergranular contact stresses at relatively low confining stresses. According to Demars
(1982) this causes grain chipping at contact points, and subsequently interparticle
slippage and large volumetric strains as particles move toward a more stable alignment.
With respect to the Wabamun coal ash material, the highly angular and weak nature of

the grains is seen both in hand samples (sections 4.2 and 4.3) and in the scanning electron

micrograph (section 4.4).

Variable cementation, related to the variation in particle type and size distribution,
is common in carbonate soils. Semple (1988) suggests that this cementation can vary
from essentially none to intense, creating a range of materials from individual grains to
rock. Light cementation can be detrimental, as it can serve to preserve a loose, brittle
structure in the soil, even under loading by subsequent deposition. Conversely, heavy

cementation produces a geotechnically competent rock-like material. The presence of
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cementation in the Wabamun coal ash is expected, first from the known pozzalanic nature
of the material, and second from the observation of coherent response of the material

(section 4.1).

Finally, carbonate materials can vary greatly in particle type and size distribution,
as well as in degree of cementation. This variation means that strength, compressibility
and permeability can vary erratically throughout a deposit. While the formation of the
Wabamun coal ash deposits bears no resemblance to the formation of a natural carbonate
sand deposit, this variability is never the less observed in the coal ash deposits. This can
be attributed in part to the variability in the formation of the coal ash, as discussed earlier,

and in part to the depositional environment.

Research into the compressibility of silica based sands (Terzaghi and Peck, 1948,
Roberts and deSouza, 1958, Lee and Seed, 1967, and Vesic and Clough, 1968) indicate
that sands are relatively incompressible at low stresses, but can exhibit considerable
volume change due to grain crushing at high stresses. Figure 3.4 illustrates this behavior
through confining pressure - void ratio relationships established by Lee and Seed (1967)
for a silicate sand. Tests by Airey et al. (1988), summarized in Figure 3.5, show similar
behavior for carbonate sands. The key difference to note is the larger initial void ratios
and smaller yield stresses observed in the carbonate sands. Semple (1988) considered
both of these results and noted that at large strains, the sands tend toward the same
“virgin compression” line, for which the compression index (Cc) is approximately 0.5.
This virgin compression line can be described as a limiting state line. He also noted that
the volumetric strain for a given stress increment, the compression index at a common
applied stress below the virgin compression range, and the yield stress are all a function
of the initial void ratio. Based on this, he suggests that there exists a continuity of
response of bioclastic and silicate soils with initial void ratio as the controlling factor.
This relationship can be seen in figure 3.6. Pestana and Whittle (1995) recognized that
such a relationship predicts negative void ratios at high stress levels, and modified the
limiting state line to a limiting compression curve (Figure 3.7). This curve predicts a

decreasing rate of change of void ratio with increasing effective stress, with void ratio
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going to zero at extremely high stresses. Through the constitutive model for compressive
behavior that they develop, they further propose that the limiting compression curve will

be a straight line in log void ratio against log effective stress space.

3.1.5. Effects of Aging on Soils
Schmertmann (1991) in his Terzaghi lecture discusses the effects of aging on

soils. He defines “pure aging” as the changes that take place within a soil involving only
the passage of time, independent of external horizontal or vertical stress changes, ground
water fluctuations, swelling or desiccation, cycles of freeze and thaw, biological attack,
organic decay, leaching, precipitation, ground movement or chemical weathering.
Leroueil (1992), schematically presented (figure 3.8) the difference in behavior between
ideal soil, which has a normal consolidation line in the case of clays, or a limiting state
line (figure 3.6) in the case of sands, and natural, structured soils. As an example of this
effect in sand, Schmertmann (1991) details a plate bearing load test on the surface of an
unaged, clean commercial sand. Figure 3.9 shows the plate settlement versus load for the
test, including an 844 minute interval of rest at a load of approximately 325 1b. on the

plate. Following this holding period, a distinct aging effect can be observed, similar to

that described by Leroueil (1992).

Based on a comparison between predicted and measured void ratios for
undisturbed samples obtained using ground freezing, Robertson et al. (1995) suggest a
relationship between normalized shear wave velocity and age. This relationship, shown
in figure 3.10 suggests that aging will increase normalized shear wave velocity. They
further suggest modifications to the Gillespie (1988) soil behavior type chart to include
the effects of both aging and cementation. This chart, shown in figure 3.11 takes into
account the increase in cone resistance and small strain shear modulus (G,) with both
aging and cementation and estimates the regions where aged and cemented materials
should fall. The small strain shear modutus is related to the shear wave velocity by the

bulk unit weight (p) of the material according to:

Go=p(Vs') (5]
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3.2. Review of Available Site Records
Records obtained from TransAlta Utilities and other sources include aerial
photographs of the ash lagoons and surrounding area, as-built survey data for cell 3 in the

1977 ash lagoon, and a copy of a video taken during a post-failure tour of the site.

3.2.1. Aerial Photograph Records
Five aerial photographs of the 1977 Ash Lagoon were obtained to trace the cell

construction from the appearance of BAW material in the lagoon prior to September of
1989 through to the failure of cell three in March of 1994. These photographs include
Maps Alberta photos 3909-107 taken September 03, 1989 and photo 4212-208 taken
September 25, 1991, and TransAlta Utilities commissioned site photos taken July 1992,
August 19, 1993 and November, 1994.

The September 1989 photo (Figure 3.12) shows a portion of the 1971 ash lagoon
in its inactive and partially reclaimed state, and the 1977 ash lagoon with the original
single discharge point and BAW slope, as well as the early stage construction of cell #1.
Note that as part of the decant and water clarification process, water from the 1977

lagoon is discharged through the 1971 ash lagoon.

The September 1991 photo (figure 3.13) shows both the 1977 ash lagoon with
cells 1 and 2 completed, with cell 1 inactive and awaiting reclamation, and cell 2 active.
While the remainder of the original BAW material in the 1977 ash lagoon has been
treated to prevent erosion, construction on cell 3 is not apparent in this photo. Note that
while both cells 1 and 2 discharge to the north end of the cell, there is some evidence of
seepage and surface runoff from the southwest corner of cell 2, possibly from a decant

facility.

The July 1992 photo (figure 3.14) shows the completion of the retaining dikes for
cell 3, with cell 1 still inactive and awaiting reclamation, and cell 2 still active, but nearly
full. Cell 3 is as yet inactive in this photo. The western margin of the cell 3 dike has

been constructed along the beach front on BAW material.



19

The August 1993 photo (figure 3.15) shows cell 1 still inactive, and cells 2 and 3
active. It appears that cell 2 has either been emptied of a portion of its ash content, or the
cell 2 dikes have been raised to increase capacity. It is unclear exactly which is the case.

Note that the discharge point for cell 3 is also at the north, or narrow end of cell 3

The Autumn, 1994 photo (figure 3.16) shows the 1977 ash lagoon after the
failure of cell 3. The approximate location of the dike prior to the failure is shown, and
the present waterline represents the approximate location of the upstream toe of the dike.
Note that the water level in the 1977 ash lagoon was lower than its normal operating level
immediately following the failure, and the failure surface was temporarily exposed. Note

also that ash material is now being discharged in the 1977 Ash Lagoon onto the original

BAW material to the south of cell 3.

3.2.2. Review of Site Survey Data
TransAlta Utilities made available as-built survey records dated July 30, 1992 and

August 02, 1992 for cell 3 in the 1977 Ash Lagoon, originally intended for storage
volume calculations. These records include 18 east-west sections across cell 3, 2 dike
sections from 1977 ash lagoon waterline to cell 3 centerline, and a survey plan view of
cell 3. According to this record, the elevation of the top of dike was approximately 742
m, with an outlet at approximately 741 m. Cell 3 had a calculated storage capacity of

91960 cubic meters, or approximately 1 year of ash production.

3.2.3. Review of Post-Failure Video
On March 21st, 1994, in the week following the failure, a group was taken on a
tour of the 1977 Ash Lagoon. The tour was videotaped with a running narration, as well
as an account of the failure by one TransAlta employee. While it should be noted that
much of the information contained in the narration and second-hand account of the failure

has been shown by other sources to be inaccurate, it is never the less a useful record.

The following is an excerpt from a transcript of the video, in which a TransAlta

Utilities employee describes the failure event.
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What we're looking at here is one of the ash lagoons cells that was
constructed last summer to hold a half year’s production of bottom ash from the
Wabamun plant. The purpose of the cells was to increase the retention time of the
water going through the system in order to reach environmental limits. the cells
were filled and the extra retention time with the overflows on the top of the dikes
allowed us to meet the regulations. The ash dikes themselves are made from
bottom ash excavated from the cell itself and piled up on top of the ash lagoon.

A week ago on a routine inspection we noticed a crack forming on the
north. end of the dike on the far side of where we’re standing and we had a
contractor come in to inspect and do some repairs on the dike. Approximately four
hours after the crack was discovered the contractor thought he heard water running.
He moved his equipment off the dike and he thought while he was moving it he felt
the dike itself move and about 30 seconds after that the dike, from where we're
standing here, sheared off. The entire structure moved off to the west about 75 to
100 feet. At that point in time we had about 100,000 cubic meters of water in the
dike - in the cell itself - plus there was probably about 60,000 cubic meters of ash
that was built within the dike and that shifted over a period of a couple of seconds,
according to the contractor that saw the dike fail.

{portion deleted}

When the dike failed it created a wave within the existing ash lagoon.
Around the periphery the ice was shot out from the surface of the water and in some
places it shot out over 100 feet with the wave that came through the system. we
saw very little water anywhere within the system that overflowed the dikes after,
but we saw the ice sitting in some places just about 100 feet away from the dike.
But no indication of water so it looks like it just shot the ice out. You can still see
some of the ice.

This account does not agree exactly with that of the contractor who witnessed the
event. Key in the discrepancies is the nature and location of the original crack that was
noticed and caused the contractor to be brought on site, and the exact nature of the failure
event. While this account describes a crack at the north end of the dike, the contractors
account makes no mention of cracking, but rather describes a problem of overtopping at
the midpoint of the dike. Second, this account suggests a single, catastrophic failure
event, while the contractor describes the event as a chain reaction triggered by a small
section of dike failing. It is unclear why these discrepancies exist, or what significance

they hold.
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Note also that there are other discrepancies between the information provided in
the video and information documented by other sources. While the account suggests that
cell 3 “was constructed last summer {summer 1993} to hold a half year’s production of
bottom ash from the Wabamun plant,” the review of aerial photograph records and site
survey data show that it was completed in the summer of 1992, and calculations suggest
that the 100,000 cubic meter capacity of this cell represents one full years production of
bottom ash. While these errors are not significant of themselves, they cast certain doubt
on this account of events. A review of the erosion patterns viewed in the video offers
further support to the contractors account of the failure. If the dike had let go in one large
section, with cracks at the north and south ends, one might expect the erosion from the
outlet of water, and the deposition of stored ash, to be concentrated in these locations.
However, what is observed in the video is deposition of material in the mid-section of the
dike. with clean cracks at either end, suggesting a failure that initiated at the center. This

is further supported by the location of the failed material in the post-failure aerial
photograph, figure 3.16.

When the failure occurred, it caused a temporary lowering of the water table
within the 1977 ash lagoon due to the displacement of the ice. While the failure surface
is presently below the pond level, it appears to be exposed at the time of the video.
Where it has not been obscured by the deposition of material in the mid-section of the
dike, the failure plane appears to originate in a backscarp 1 to 2 meters high in the

upstream toe of the dike, and extends at a very shallow slope into the pond.
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Figure 3.1:  Schematic of the three dimensional CSSM framework for soil state, after
Sasitharan (1994).
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Figure 3.12: Aerial photograph of the 1977 ash lagoon taken September 03, 1989.
(Maps Alberta Airphoto #3909-107)



Figure 3.14: Aerial photograph of the 1977 ash lagoon taken July, 1992. (TransAlta
Utilities)



Figure 3.15:  Aerial photograph of the 1977 ash lagoon taken August, 1993.
(TransAlta Utilities)



Figure 3.16: Aerial photograph of the 1977 ash lagoon taken November, 1994.
(TransAlta Utilities)



4. Site Investigation and Material Characterization

Field work on the site conducted in the summer and fall of 1994 included bulk
sampling in order to obtain index properties, in-situ testing to characterize the site, and
finally in-situ sampling to allow for site-specific interpretation of the in-situ testing.
Figure 4.1, August 1994 shows the 1977 ash lagoon with the sampling and testing
locations indicated Numbers B1 through BS denote bulk sampling locations, while 11
through 14 denote in-situ test locations. Note that while bulk samples were all taken
within the failure area, all in-situ tests were conducted on beach deposits to the south of
cell #3. It is intended that bulk sampling represent the material within the failure area,
while the in-situ testing be used to delineate the stratigraphy of the deposits prior to the
failure. In-situ test locations were selected to represent material beneath the downstream

toe of the dike (11), the centerline of the dike (12), the upstream toe of the dike (I3) and

the center of the cell (14).

4.1. Preliminary Site review

Following the failure of cell 3, tailings pipes were relocated and ash disposal was
confined to the 1977 Ash Lagoon beach south of the existing cells. The material exhibits
a BAW slope of 1 to 2 degrees based on inclinometer readings taken down the beach.

The BBW slope was estimated from the slope along which the failed material moved to

be around 8 degrees.

Upon failing, the material moved out into the lagoon up to 75 m in 5 largely intact
blocks. These blocks continued to exhibit near vertical fracture faces even some months
after the failure, suggesting a cohesion in the material at least in its drained and
compacted state. This agrees with the general strength characteristics reported for
compacted bottom ash of ¢ = 42 degrees and ¢ = 30 kN/m? suggested by the Geotechnical
Department of Helsinki (1983).
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4.2. Bulk Grab Sampling
In order to begin characterizing the materials on site, and in order to have
sufficient sample for later laboratory determination of the collapse surface for the
material, a number of bulk grab samples were taken. Samples of bottom ash and fly ash
were also obtained from the plant in order to characterize the material at its source. Five

samples were taken in cell 3, in locations B1 through B5 identified in Figure 4.1.

A variety of index tests were conducted on the bulk samples, including grain size,
specific gravity, €m. and ep;, and Atterberg limits. It was recognized during index
testing that due to the weak and friable nature of the material, excessive handling resulted
in a degradation of grainsize. Consequently, ASTM standards were followed for all tests,
except in instances where it was felt that these standards would result in damage to the
sample. Also, the testing program was conducted to ensure that handling of samples was

minimized, and that test samples were not reused.

The results of the specific gravity tests assume that samples achieve full saturation
due to the application of a vacuum. However, it is possible that micropores within the
Wabamun sand do not saturate in the process. The specific gravity measured should only
be considered a bulk specific gravity, and may not be an intrinsic property of the ash

itself, but rather of the structured soil grains.

Table 4.1 summarizes the index properties for the bulk samples. Note the low
specific gravity’s (2.21 to 2.27) and the variable but high e, and epiy (€may up to 2.51
and e, up to 1.93) of the materials. Figure 4.2 shows the grain size distribution curves
for these samples. Note that the material that leaves the plant (the Bottom Ash: Plant
Feed sample) is much coarser than that found in the storage lagoons (the bulk grab
samples 1 through 5). This is likely a result of breakdown of the particles during slurry
transport from the plant to the ash lagoons. Note also the variation in grain size

distributions.
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4.3. In-Situ Sampling

In-situ sampling was conducted in conjunction with the cone penetrometer testing
(CPT) at location 11 to allow for site specific interpretation of the CPT profile. Two non-
standard methods of sampling were attempted, with varying success. In one sampling
method, a simple hand operated piston sampler constructed by the University of Alberta
for use in soft tailings material was pushed into the ground, the cutting shoe advanced,
and a sample retrieved. In the stiff crust material, where this tool could not be advanced
by hand, an alternative method was used. A casing (100 mm PVC pipe) was driven into
the ground to the desired depth, the casing backfilled above the sample to reduce air
volume in the tube, and then capped and withdrawn to obtain a sample. It was found that
this method left an open hole through the crust material through which the piston sampler
could be advanced into the softer material below. In all, four samples were taken -- two
in denser crust material by the casing method at depths of 0.0 and 0.5 meters, and two in
the softer material by the piston sampler at depths of 1.3 and 1.8 meters. Samples were

designated by location and depthas 11 @ 0.0 m, 11 @ 0.5 m,1i @ 1.3 m, and I1 @18
m.

Table 4.2 summarizes the index properties of this material, and Figure 4.3 shows
the grain size distribution. Note than unlike the bulk grab samples, there is little variation

in grainsize between the piston samples.

4.4. Scanning Electron Micrographs

Scanning electron micrograph (SEM) work was conducted on six samples with
wiree goals in mind. The goals were first to examine the ash material to determine if any
differences existed between the microscopic and the macroscopic portions. This is in
order to determine if the fines exhibit any characteristics that set them apart from the
coarser portions. Second was to conduct qualitative mineralogical determinations on the
samples to determine mineral constituents and to verify that bottom ash, the material in
question, and fly ash, the material most commonly tested by other researchers, are similar
in mineralogy. Third and finally was to compare the material sampled in situ, samples I1

@ 1.3 m and I1 @ 1.8 m to verify that they can reasonably be represented by bulk



2

samples # 2 and # 3 in later testing. In total for the six samples, 24 photographs were

taken, and 11 qualitative mineralogy’s conducted.

The samples viewed were bottom ash plant feed, fly ash plant feed, bulk sample
#2, bulk sample #3, sample I1 @ 1.3 m and sample I1 @ 1.8 m. Samples were prepared
from the passing #20 sieve portion of a representative bulk sample. Due to the extremely
small size of sample used in the SEM, and the difficulty in obtaining an exactly
representative sample, exact grain size distributions may not be represented in the

photographs.

In order to make comparisons between the macroscopic scale, in which the grains
can be identified by color as well as texture, and the domain of the SEM, where only
surface contour can be identified, it was necessary to select grains according to their
macroscopic description (Tables 4.1 and 4.2), and view and qualitatively identify
mineralogy in the SEM. Figures 4.4 to 4.7 show photographs of the grains and their
corresponding mineralogy. From this it was concluded that the gray, porous and friable
grains in the hand samples corresponded to the Silicon, Aluminum and Calcium based
clinker material in the SEM, and the black, vitreous, subangular material in hand samplec
corresponded to the blocky carbon grains in the SEM. This corresponds to the concept
that the clinker originates from non-flammable minerals within the coal, and the black,

vitreous material forms due to incomplete burning of the coal.

Figure 4.8, taken of sample 11 @ 1.8 m shows a grain of clinker type material,
along with a piece of petrified wood, and a carbon grain. This photo shows the material
at approximately 50 times magpnification to be porous and highly angular, similar to the
descriptions of macroscopic samples. Once again the clinker material was found in
analysis to be predominantly Silica, Aluminum, and Calcium. Figure 4.9, taken of
sample B2, however, shows that at sufficiently small scale, the material can be made up
of agglomerated fly ash cenospheres. Thus the material exhibits no differences between
the microscopic scale and the macroscopic scale up to approximately 100 times

magnification. At 250 times magnification, this no longer holds true. For the purposes of
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this study, however, this scale effect will be ignored in the selection of grain size
distributions for triaxial test samples.

General, qualitative mineralogical analyses of SEM sample 1 - bottom ash plant
feed (Figure 4.10), and SEM sample 2 - fly ash plant feed (Figure 4.11), show that these
materials are similar in mineralogy, with the exception that the carbon found in the
bottom ash is generally not found in the fly ash. In terms of mineral habit, these figures
show that while the cenospheres that make up the fly ash are present in the bottom ash,
the fly ash has none of the agglomerates seen in the bottom ash. In general, it can be
concluded that mineralogical analyses based on the constituents of fly ash should not be

considered equally representative of the corresponding bottom ash material.

Figure 4.12 shows bulk samples # 2 and # 3 and samples 11 @13mandll @ 1.8
m, each at 100 times magnification. In light of the conclusions already noted, and the
fact that the samples cannot be considered fully representative of the source materials,

there appears no reason that the bulk samples should not be considered representative of

the in-situ material.

4.5. Piezometric Cone Penetrometer Testing (CPTU)
Piezometric Cone penetrometer soundings were conducted at four locations in the
1977 Ash Lagoon, as indicated in Figure 4.1. These soundings were conducted on the
original beach slope to the south of cell #3 in order to estimate the stratigraphy of the
material beneath cell 3. Soundings were attempted on the failed material in cell 3 for
comparison. These soundings met refusal at very shallow depths, likely due to the

presence of the gravel scour control material.

4.5.1. Piezometric Cone Testing Procedure
Soundings were conducted using a modified vane shear frame weighted with lead
weights to push an ASTM standard 2.5 ton capacity piezometric cone supplied by
ConeTec Investigations Ltd. This arrangement was able to produce a penetration

resistance in the order of 200 bars before refusal occurred. Data was collected and
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recorded by a Hogentoggler data acquisition system. also supplied by ConcTec
Investigations Ltd. Soundings were completed to a depth of approximately 5.5 m at the
four test locations, and designated CPT-1 through CPT-4, corresponding to in-situ test

locations I1 through 4.

4.5.2. Interpretation of Cone Data

Figures 4.13 to 4.16 show cone profiles CPT-1 to CPT-4 obtained in the field
investigation. The beach material appears to have an upper crust ranging in thickness
from 1.0 m at I1 to 2.0 m at [4. Bearing resistance is very low for a sand. with a
maximum value of about 1800 kPa occurring in the crust material in CPT-4. The low
bearing resistance may be related to the compressible nature of the soil (figure 3.11).
Frictional resistance is also very low, with a maximum value of 8 kPa occurring in CPT-
4. The actual maximum friction is possibly even smaller, around 2 kPa, as the peak at 8
kPa may be related to a pause in the penetration of the cone. Note that even though a low
capacity cone was used, readings are in the lower portion of the load cell resolution, and
that some of the friction values were not large enough to even register. Zhu et al. (1995)
investigated the effect of cementation on lateral stresses, and indicated that this very low

friction may be related to the development of cementation in the soil.

Robertson (1990) suggests a procedure for classifying soil behavior types

according to CPTU response. In this procedure, data is normalized using the following

parameters:
Q/ - q: —G'Wl [6]
Cw
Fr= S 100% (7]
g: —GCw
U-—1un
Bq = [8]
g: —GChvo
where: Q; = Normalized cone resistance
Fp = Normalized friction ratio
B, = Pore pressure ratio

q. = Total cone resistance, corrected for unequal area effects (Campanella



and Robertson, 1981)

f, = Sleeve friction
Pore pressure measured between cone tip and friction sleeve

u =

u, = Equilibrium pore pressure
o,, = Total overburden stress
o,, = Effective overburden stress

The data is then plotted on a three dimensional classification system that

incorporates these three normalization parameters, and which is divided into soil behavior

types based on extensive empirical experience.

For this research, the normalization procedure described above was carried out
using a spreadsheet program developed by Stahl (1995a). This program accepts input of
the raw cone data, as well as the cone area ratio, estimated in-situ void ratio of the soil,
specific gravity of the soil, soil saturation above and below the water table, and depth to
the water table. The program then uses these parameters to produce plots of normalized
cone resistance, normalized friction ratio and pore pressure ratio versus depth, as well as
the classification plots of normalized cone resistance versus normalized friction ratio and

normalized cone resistance versus pore pressure ratio.

In order to use the program, it was necessary to select soil parameters to represent
the in-situ state. A void ratio of 1.5 and specific gravity of 2.3 were selected since they
represent “average” values obtained from the bulk samples, and because they correspond
approximately to bulk unit weights of 1300 kg/m3 above the water table and 1500 kg/m3
below the water table used in the interpretation of the SASW data (section 4.6). The
saturation above the water table was assumed to be 75%, the saturation below the water
table was taken as 100%, and the depth to the water table was determined from inspection
of the raw cone data. The cone area ratio for the ConeTec Investigations Ltd. cone, used

in the correcting measured cone resistance (q.) to total cone resistance (q,) was 0.85.

The cone data was analyzed using these parameters. Plots of normalized cone
resistance, normalized friction ratio and pore pressure ratio versus depth for CPT-1

through CPT-4 can be found in figures 4.17 to 4.20. Classification charts of normalized
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cone resistance versus normalized friction ratio and normalized cone resistance versus
pore pressure ratio are shown in figures 4.21 to 4.23. In general, the charts classify the
soil behavior as silt mixtures, sand mixtures, sands, or gravely sands to sands, which is
consistent with the samples taken on site. In general, the weaker soils below the stift
crust are identified as sand mixtures. Note however that in the plots of normalized
friction ratio versus depth, many of the normalized friction ratio values fall below 0.1,
which is the minimum normalized friction ratio value considered by the classification
chart of normalized cone resistance versus normalized friction ratio. This suggests a need
to have more accurate sleeve friction measurements, as well as a more accurate method of

estimating the void ratio and specific gravity in the field.

4.6.  Spectral Analysis of Surface Wave (SASW) Testing

SASW soundings were conducted at the four locations in the 1977 Ash Lagoon
indicated in Figure 4.1, and designated SASW-1 through SASW-4, corresponding to in-

situ test locations I1 through 14

4.6.1. SASW Testing Procedure

SASW soundings were conducted using the system and method described by
Addo (1991). This system and the test method are outlined in figure 4.25 (Stahl, 1995b).
A single sounding is made with the receivers on the ground equidistant from a fixed
centerline. A vertical blow at a source location a distance from the near receiver equal to
the receiver spacing is generated by a hammer. Blows are generated manually and
recorded by the microcomputer until a set of five has been averaged. The procedure is
then repeated with the source location on the opposite side of the centerline. A complete

sounding at a location consists of a set of single soundings taken at different spacings.

4.6.2. Interpretation of SASW Data
As described in Figure 4.25, receivers monitor the waves generated by the source.
These time domain signals are filtered by the interface control unit, transmitted to the

computer, and processed into the frequency domain by the computer using a fast Fourier
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transform algorithm. This frequency domain data is output in the form of phase velocity
against wavelength to form a dispersion curve. This dispersion curve is then used to
forward model a profile of shear wave velocity against depth. In the process of forward
modeling, bulk densities and Poission's ratio are estimated for the material, and shear
wave velocities and layer thicknesses are selected to match the field dispersion curve.
The selected data is correct if the theoretical dispersion curve constructed from the data
matches the field dispersion curve. Output from a SASW sounding will therefore consist
of two plots. The first plot is of Rayleigh velocity against wavelength showing the field
dispersion data and a theoretical curve based on the plot of shear wave velocity against

depth. The second is the plot of shear wave velocity against depth.

The data analysis was undertaken by University of Alberta Ph.D. candidate

Richard Stahl. This =+ - ~3 conducted using field dispersion curves visually
constructed from selecte . . timated bulk unit weights of 1300 kg/m3 above and
1500 kg/m3 below the we ‘The depth of water is as determined by CPT tests at
the same locations. With ¢.. exception of SASW-1, in which the crust was too thin to

model effectively, analysis wa: conducted first assuming the material to be constant with

depth, then assuming a stiff (higher shear wave velocity) crust.

Figures 4.26 to 4.29 show the paired plots of Rayleigh velocity against
wavelength and shear wave velocity against depth for SASW-1 to SASW-4. Note the
effect the assumption of a higher velocity crust has in creating a low velocity (and
therefore looser) region beneath the crust. The effect of this assumption will become

more clear when shear wave velocities are used in a V-e-p' relationship to estimate in-

situ state.
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Figure 4.1: November, 1994 aerial photograph of the 1977 ash lagoon with
sampling and testing locations indicated.
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Figure 4.4: SEM photograph and qualitative mineralogy for black, vitreous and
hlocky sand grain. Analysis shows grain to be predominantly carbon.
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Figure 4.5: SEM photograph and qualitative mineralogy for white, glossy sand
grain. Analysis shows grain to be predominantly silica, aluminum and
calcium.
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Figure 4.6: SEM photograph and qualitative mineralogy for white, porous sand
grain. Analysis shows grain to be predominantly silica, aluminum and
calcium.
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SEM photograph and qualitative mineralogy for white, blocky sand
grain. Analysis shows grain to be predominantly silica.
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Figure 4.8: SEM photograph and qualitative mineralogy of I1 @ *.8m. Overview
analysis shows material to be predominantly silica, aluminum and

calcium.
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Figure 4.9:  SEM photograph and qualitative mineralogy of B2. Overview analysis
shows material to be predominantly silica, aluminum and calcium.
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BOTTOM ASH POROUS MATERIAL

Figure 4.10: SEM photograph and qualitative mineralogy of bottom ash plant feed.
Material is predominantly carbon (the large grain) with silica,
aluminum and calcium making up the smaller grains.
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Figure 4.11: SEM photograph and qualitative mineralogy of fly ash plant feed.
Overview analysis shows material to be predominantly silica, aluminum
and calcium.



Figure 4.12: SEM photographs at 100 times magnification of a) 11 @ 1.8 mb) I1 @
1.3 m ¢) B3 and d) B2.
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Spectral Analysis of Surface Waves (SASW)

Power Suppl_\'l
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« Followiuig Five Samples of Input Signals, Phase Velocities and
Wavelengths Are Output to Form Dispersion Curve

Shear . e

Dispersion Cusrve ]
Velocity *~ofile

“signature of site"

Phase Velocity Shear Wave Velocity

Forward 5

Modelling =
= (¢.E,.G,)

Wave Length
Denth

Pp- H

Figure 4.25: Schematic of Spectral Analysis of Surface Waves (SASW) testing and data
interpretation (Stahl, 1995b).
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5. Triaxial Testing With Shear Wave Velocity Measurement

Triaxial testing with shear wave velocity measurements was conducted in order to

determine the USS characteristics and e-p'-V, relationship for Wabamun sand.

5.1.  Triaxial Testing Procedure
Triaxial testing with shear wave velocity measurement was conducted according
to procedures developed at the University of Alberta by Sasitharan (1994), Cunning
(1994), Chillarige (1995) and others. The specific procedures used for the testing of the

Wabamun sand are described in detail in Appendix A.

5.1.1. Testing Equipment

The triaxial testing program was conducted using a modified triaxial testing cell
in a modified Wykeham Farrance loading frame. The modifications to the cell included
the use of an internal load cell to eliminate the measurement of rod friction, a removable
top cap to allow assembly of the cell around the sample and load cell with minimal
disturbance to the sample, and single protruding bender elements in the loading head and
base pedestal to allow for the measurement of shear wave velocity. Modifications to the
loading frame consisted of a facility to apply dead loads to the loading ram to compcnsate
for unequal end area effects and allow for samples to be isotropically consolidated. A
schematic diagram of the test setup (after Cunning, 1994) is shown in figure 5.1. A
schematic of the protruding bender element system developed by Sasitharan (1994) is

shown in figure 5.2.

5.1.2. Sample Preparation

All samples were prepared by the method of moist tamping. This technique
produces the loosest possible structure in reconstituted soil samples (Ishihara, 1993). The
technique also eliminates the problem of segregation of fines that can occur in the water

pluviation method (Cunning, 1994).
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5.1.3. Calculation of Void Ratio

Void ratio after sample preparation can easily be determined from the sample
measurements and soil mass. Changes in void ratio following sample preparation were
calculated based on the volume changes during saturation and consolidation. As volume
changes during saturation cannot be measured directly, they must be calculated by other
means. Due to the difficulty in using girth belts on the very loose samples tested in this
rescarch, it was necessary to assume elastic response and apply a simple elastic approach

to evaluating the volumetric strain:

g, /g,=3 [9]

where: g, = volumetri¢ strain (%)
axial strain (%)

€,

After preparation, the samples were saturated using the procedure described in
Appendix A until either Skempton’s B parametcr exceeded 0.95 or consecutive equal
measurements of B were attained. Note that in a porous material such as the Wabamun
sand. a B value of one can indicate that only the macropores are saturated, and that some
further saturation of micropores could take place due to consolidation stresses. However

for the purposes of this work, the criteria described above were assumed to indicate full
saturation.

Following saturation, the samples were consolidated in increments of 25, 50, or
100 kPa. During consolidation, the void ratio for the sample was calculated using the

following equation from Cunning (1994):

= Gs* (Vinit — AVsat — AVconsol —~AVmem.corr.)* pw ) [10]
Ms
where:  Gs = Specific gravity of the solids
Ms = The mass of the solids, g
pw = The density of water, 1 g/cm3
Vinit = The volume after sample preparation, cm’
AVsat = The calculated volume change during saturation, cm’
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) . . . k]

AVconsol. = The measured volume change during consolidation, eny
. . . k)
AVmem.coit. The change in volume during membrane penetration, ey

The change in volume due to membrane penetration is included in the equation
for completeness. Vaid and Negussy (1984) point out that the penctration of the
membrane into the soil voids must be accounted for in the calculation of void ratio. They
suggest a value of 0.0048 cm’/em? per log cycle of effective confining stress for a mean
grain size (D50) of 0.35 mm. This correction is neglected in this research first because it
represents a void ratio change of less than +0.005 at the highest effective confining stress
encountered, and second because the relationship between membrane penetration and

grain crushing is not understood.

5.1.4. Shear Wave Velocity Measurement

Shear wave velocity in the samples was measured using the protruding bender
element system developed by Sasitharan (1994), Figure 5.2. A Wavetek 148 A-20
AM/FM/PM generator, a Kistler 504 Dual Mode Amplifier, a Phillips PM 3365A 100
MHz 100 MS/s oscilloscope and a Hewlett Packard Color Pro pen plotter were used to

generate and record the shear waves.

The bender element protrudes into the sample approximately 10 mm. When shear
wave velocity measurements are to be taken, the top source element is excited with a £15
volt DC, 26 Hz square wave produced by the Wavetek generator. This causes the
piezoceramic material in the bender element to alternately expand and contract, creating
back and forth motion of the cantilever portion of the bender element, and a shear wave in
the sample. This shear wave is transmitted through the soil skeleton to the base receiver
element. This element oscillates, producing an electrical signal, which is picked up by
the Kistler Dual Mode Amplifier, and enhanced for display on the oscilloscope. Both
waves are displayed on the oscilloscope, allowing for the travel time (At) in seconds to be
determined using the first pulse arrival method. Figure 5.3 shows a typical oscilloscope

output trace, with both the generator and received wave, as well as the frequency and time
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difference. From the time difference and the knovn separation of the bender element

tips, the shear wave velocity is determined.

The measurement of shear wave velocity in all of the triaxial tests was not
possiblc due to problems with equipment failure. However, sufficient measurements

were obtained to allow extrapolation of the existing database on other sands.

5.2. Material Tested

After careful review of the index testing and SEM work, it was concluded that
either bulk sample #2 or bulk sample #3 would be acceptable to represent the in-situ
material. Howe: . after splitting each sample on the #10 sieve to achieve a sample
gradation that could be tested in the available apparatus, it was concluded that neither
sample was sufficiently large to allow the completion of an entire testing program. The
samples were therefore combined to form a bulk aggregate sample with index properties
similar to that of the original samples. Table 5.1 shows the index properties for the bulk

aggregate sample, while figure 5.4 shows the grain size distribution.
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Figure 5.2:  Schematic diagram of protruding bender element system in triaxial head and
base, after Sasitharan (1994).
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B: dv=- 800uvV dt= 123us f=15.2kHz

« 1 division = 50 us —

Figure 5.3:  Typical plot of laboratory shear wave during consolidation in triaxial test
apparatus.
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6. Test Results

Each test conducted was given a test identification number, for example WS-250-
T1-CU-LSS. This describes the test as Wabamun Sand (WS) tested at an isotropic
consolidation state at the start of shear of 250 kPa in test number 1 (T1), a consolidated
undrained test (CU) which showed the material to have limited strain softening
characteristics (LSS). Other abbreviations include: CD = consolidated drained, SS =
strain softening, and SH, strain hardening. The definition of tests as limited strain
softening, strain softening or strain hardening follow the schematic behavior of a

cohesionless soil in response to loading described by Robertson (1994).

6.1. Consolidation

Figure 6.1 summarizes the e versus p' relationships for the tests, including
consolidation curves, quasi-steady states and ultimate steady states. This figure clearly
demonstrates that the Wabamun sand undergoes crushing during consolidation, initiated
at an effective stress of approximately 80 to 100 kPa. The effect of this crushing can be
seen in the post-testing grain sizes shown in figure 6.2. This shows that crushing or
increase in fines of the sample increases dramatically with the isotropic consolidation
stress at the start of shearing. Note that tests WS-75-T4-CU-LSS and WS-75-T9-CD-SH,
which started at the same isotropic consolidation stresses and close to the same void ratio,
but were tested along different stress paths show little difference in grain crushing. That
is, the change in grain size due to testing shown in figure 6.2 is the same for both tests.
This despite the fact that test WS-75-T4-CU-LSS is an undrained test at a void ratio of
2.296, while WS-75-T9-CD-SH is a drained test, and undergoes a change in void ratio
during testing of 0.633, ending at a void ratio of 1.675. Test WS-604-T8-CU-SS, which
underwent a void ratio change of 0.600 during consolidation and was tested undrained at
a void ratio of 1.661 showed an increase in fines due to crushing of 20%. This suggests
that the grain crushing that takes place during the test is a function of consolidation only,
and is not a factor in void ratio changes that take place during drained testing. However,

to confirm this, and to understand what significance it may hold, it would be necessary to
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conduct grain size analyses after consolidation and before testing for both the drained and

undrained tests.

6.2. Shear Loading Results

A total of five triaxial compression tests were carried out on the Wabamun sand.
All samples were prepared by the method of moist tamping as detailed in Appendix A,
and consolidated to between 51 and 604 kPa before shearing at a constant rate of 0.15
mm/ min. Four samples were sheared undrained, and one sample was sheared drained.
Due to the unavailability of shear wave velocity measuring equipment during this portion

of the laboratory testing program, shear wave velocity measurements at USS were not

taken.

Table 6.1 summarizes the test results for these tests, including the e, p', 5,' and o’
at USS for these tests. Figure 6.3 shows the results in terms of q against axial strain,
figure 6.4 shows the variation in pore pressure with axial strain for the undrained tests,
and figure 6.5 shows the variation in pore water volume with axial strain for the drained
test. It can be seen that of the consolidated undrained tests, one showed a clear strain
softening response, one showed a very limited strain softening response with little strain
softening before strain hardening, and two showed limited strain softening behavior.
These tests all reached initial peak deviator stresses at 0.5% to 2% axial strain. The
corresponding pore pressures increased over the first 2% to 5% axial strain before
leveling off. The consolidated drained test showed a strain hardening response, reaching
a peak value of q at about 17% strain. The corresponding volume change showed a
continued decrease, indicating water being expelled from the sample, up to the end of the
test at 25% strain. For this reason, the sample should not be considered to have reached

ultimate steady state.

Figure 6.6 shows the normalized stress paths for the tests in terms of q/p',
against p'/p'ys,- In this plot, consolidated undrained tests are normalized to p'y, while the
consolidated drained test has each point normalized to p'y; at the same void ratio. This

normalization follows that suggested by Sladen and Oswell (1989) and eliminates the
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effect of different void ratios from the different tests, such that the USSL appears as a
point, and the collapse surface as a line. All tests should therefore end at the point
Quss/P'uss = M and p's/P'uss = 1. Figure 6.7 shows a plot of q,, against p',, With a best fit
straight line of M = 1.56 fitted to the data.

Based on the tests conducted, the USS parameters for Wabamun sand were

determined to be:

r = 32

An = 05

M = 156

Valid over the stress range p' = 38 kPa to 134 kPa
r = 66

Ay = 2.1

M = 156

Valid over the stress range p' = 134 kPa to 227 kPa

This bilinear USSL attempts to account for the change in slope of the USSL due
to the initiation of grain crushing at approximately 100 kPa effective stress. It was
determined by best fit straight lines for steady states below and above the point of grain

crushing. This bi-linear relationship is shown in figure 6.1.

6.3. Shear Wave Velocity Measurement

In general, shear wave velocity measurements should be normalized to in-situ

horizontal and vertical stress according to the relationship:

na nh na+nh nh
V.\I = V\(—}—):l—) ( Pu ) = V‘[ Pa ] ('l—) [1 1]
c'r c'H o'y Ko

where: Vg = Normalized shear wave velocity

Vi = Laboratory measured shear wave velocity
Pa = A reference stress, usually 100 kPa

oy' = Vertical effective stress

oy = Horizontal effective stress

na = An exponent, usually 0.125

nb = An exponent, usually 0.125



KO = G”'/ CV-

Robertson et al. (1992) recognised the difficulty in applying a normalization that

requires K be known, and recommended that normalized shear wave velocity be defined

as:

na+nh
you= 7 22) [12]
Cr

Chillarige et al. (1995) recognised that the error in excluding oy’ is typically less
than 10%. Note that there is no difference between equation [11] and equation [12] if
K, is equal to 1.0, as is the case in isotropically consolidated laboratory samples.
However, in cases where K, is not equal to 1.0, as is generally the case when estimating
in-situ state of natural deposits, it is important to account for K. For this reason, the ¢-p'-
V, relationship will be developed using the general form of the equation for V. The
method used to account for K, when using the normalization defined by Robertson ct al.

(1995) is also showi.

Cunning (1994) details a method for determining an e-p'-V, relationship based on
shear wave velocity measurements taken during consolidation and at USS for a number
of triaxial tests. In this method, shear wave velocity measurements are normalized to the
stress state at which the measurement was taken according to equation [11]. Normalized
shear wave velocities are then plotted as V;, versus e, and a relationship between V,; and
e established as the equation of the best fit line. Cunning (1994) used a relationship of

the form:

Va= A+ Be [13]

where: AandB = constants for a given sand or sands



We can substitute equation [13] and equation [4] into equation [11] and rearrange

to get a relationship between void ratio, mean effective stress and shear wave velocity of

the form:
3 \ na+nh
Vi=(A-Be -——”——J Ko™ [14]
(1+2Ko)Pa

If instead we were to substitite equation [13] and equation [4] into equation [12],

following the normalization defined by Robertson et al. (1992), we would get a

relationship of the form:

na+nb
3p
Vi=(A- Be) — 15
( L{(l+2Ko)PaJ (3]

This relationship differs from equation [14] by the factor K(,"b. In order to account

for this term, Robertson et al. (1995) define the relationship between V;, and e as:

Va=(A+ Be)Ko" [16]

By substituting equation [4] and equation [16] into equation [12] and rearranging,
we arrive again at equation [14]. Thus the normalization by Robertson et al. (1992),
used with the corresponding definition of the V- relationship, is identical to the general
normalization equation. This research will follow the accepted normalization by

Robertson et al. (1992), and the corresponding definition of the V;-¢ relationship.

6.3.1. Laboratory Shear Wave Velocity Measurements

Test WS-298-110 was conducted following the completion of the general triaxial
testing program to take advantage of the availability of working shear wave velocity
measuring equipment and to obtain a limited set of shear wave velocity data. The results

of these measurements are shown in table 6.1.

6.3.2. Determination of e-p'-V, Relation By Extrapolation

The shear wave velocity measurements described in section 5.3.1 are clearly not

sufficient to establish an e-p'-V, relationship according to the method of Cunning (1994).
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Skirrow (1995) as part of his research presented a summary of V,, and e data for all of the
sands that had been tested at the University of Alberta at that time. This relationship.
shown in figure 6.8, is valid over a void ratio range of 0.4 to 1.3 and gives the

relationship between V; and e as:

Va1 = (373 - 245¢)Ko™* [17)

While this relationship is acceptable over the void ratio range given, it suggests
that shear wave velocities will go to zero at a void rativ of 1.522. This relationship
cannot be valid at the void ratio range of 1.6 to 2.4 encountered in this research.
Therefore the three data points for Wabamun sand, as well as recent data for Fraser sand
(Chillarige, 1995) and Alaska sand (Cunning, 1994) were added to the V,; versus ¢ plot
by Skirrow (1995), and a new relationship was determined. This plot can be found in

figure 6.9. An exponential best fit gives a relationship between V,; and e as:

Vi = (139.54e"’~"°"’)l<o°~'25 [18]

This relationship is valid over the void ratio range of 0.4 to 2.4.

Substituting equation [4] and equation [18] into equation [12]. wc get the
relationship between void ratio, mean effective stress and shear wave velocity valid for

all the sands tested over a void ratio range of 0.4 to 2.4:

0.25
V= (13954 P ) Ko™ [19]
(1+2K0)100

Bascd on this relationship, contours of V can be plotted in e versus log p' space
for a given value of K. Figure 6.10 shows this data, along with the contours based on the
relationship by Skirrow (1995), and the bilinear USSL for a K, value of 1.0 (isotropic
consolidation). The contours of Vs based on equation [19] agree reasonably well with the
contours based on Skirrow (1995) in the void ratio range of 0.5 to 1.0. The difference
between the two sets of contours increases dramatically with the change in void ratio both

above and below this range.

As mentioned previously, the linear best fit that Skirrow (1995) applied to his

summary of Vy, against e (figure 6.8) is valid only over a limited range, and predicts that
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shear wave velocities will go to zero at a void ratio of 1.522. The effect of this is seen
clearly in the e versus log p' plot, with the contours of V proposed by Skirrow (1995)
becoming asymptotic to a void ratio of 1.522. The non-linear best fit of the V; against e
data proposed in this research would appear to be preferable, as it approximates
reasonably the best fit straight line by Skirrow (1995) over the void ratio range of 0.4 to
1.0, and actually better fits the data in the void ratio range of 1.0 to 1.3, but does not place

an artificial constraint on the shear wave velocity.
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Test No. p'c (kPa) e Vs (m's)
WS-250-T1-CU-LSS 251 2.168 -
50.0 2,157 -
100.9 2139 -
150.4 2113 -
200.4 2073 -
250.4 2.020 -
WS-51-T3-CU-LSS 26.1 2.428 -
50.8 2.407 -
WS-75-T4-CU-LSS 244 2.30R8 -
50.3 2.303 -
75.4 2.296 -
WS-604-T8-CU-SS 248 2.261 -
513 2253 -
74.4 2.242 -
101.1 2210 -
151.0 2.121 -
200.2 2.030 -
299.8 1.900 -
39903 1.796 -
4997 1.724 -
603.8 1.661 -
WS-74-T9-CD-SH 240 2.308 -
495 2.285 -
74.2 2212 -
WS-298-T10 23.7 2373 -
48.0 2.362 .
98.6 2.339 66.6
198.6 2.205 70.5
2078 2.085 774
~ Test NO. Dus (KPa) €y VS tmis) oy, (KPa) /. (kPa)
WS-250-T1-CU-LSS 154 2.020 - 321 71
WS-51-T3-CU-LSS 3R 2.407 - 71 20
WS-75-T4-CU-LSS 67 2.296 - 118 41
WS-604-T8-CU-SS 227 1.661 - 421 101
WS-74-T9-CD-SH 176 1.675 - 377 77
WS-298-T10 N/A N/A N/A N/A N/A

Table 6.1:

Summary of Triaxial Test Data.
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7. Analysis of Test Data

7.1.  Large Strain Consolidation Results

As part of the laboratory triaxial testing program, large strain isotropic
consolidation testing on the Wabamun sand was undertaken. As discussed in Section 6.1,
significant void ratio changes, likely due to grain crushing, occurred at effective stresses
of greater than 80 to 100 kPa. Section 3.1.4 discusscs the concept of a limiting state line
(LSL) put forward by Semple (1988), or a limiting compression curve (LCC) suggested
by Pestana and Whittle (1995). Both suggest that there is a unique limiting state, defined
in e-p’ space, beyond which a freshly deposited soil cannot exist. Semple (1988)
suggests that this limiting state is a straight line in e-log p' space (figure 3.6). Pestana and
Whittle (1995) proposed the use of a straight line in log e-log p' space (figure 3.7b) which
becomes a curve asymptotic to a void ratio of zero at high stresses in e-log p' space

(figure 3.7a).

Figure 7.1 summarizes the consolidation data for the Wabamun sand first as e-log
p'. and then as log e-log p'. The LSL as described by Semple (1988) and the LCC defined
by Pestana and Whittle (1995) are shown in each plot. From this figure it can be seen
that within the range of void ratios and stresses considered in this test program, there is
little difference between the LSL and the LCC. Further, an extrapolation of the LSL ine-
log p' space and an extrapolation of the LCC in log e-log p' space both predict the
effective stress at a void ratio of 1.0 to be approximately 5,000 kPa. For all practical

purposes, this data is equally well represented by either the LSL or the LCC.

Semple (1988) and Pestana and Whittle (1995) both suggest that a state boundary
line exists which is unique to all freshly deposited soils. In order to investigate this,
consolidation data for a variety of sands was compiled. The data was selected to
represent a range of initial void ratios from approximately 0.6 to 2.4, and a range of
effective stresses for the initiation of crushing from approximately 80 kPa to 8000 kPa.

All of the sands were consolidated isotropically from their initial stress conditions. Sands
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were not all prepared by the same method, and samples of a given sand were not
necessarily all prepared by the same method. Figure 7.2 shows this data in e-log p' space.
and figure 7.3 shows the data in log e-log p' space. Again the LSL as described by
Semple (1988) and the LCC defined by Pestana and Whittle (1995) are shown in ecach
plot. Note in these plots that the LSL and the LCC represent a limiting state for all the
sands, but that not all of the tests reach the suggested limiting state. In particular, the
Halibut sand (Airey et al., 1988) has an initiation point for crushing a full log cycle below

the LSL and LCC at the same void ratio.

In figure 7.2 it can be seen that the LSL predicts that all materials will go to a void
ratio of zero at an effective stress of 100,000 kPa, while figure 7.3 shows the LCC
reaching a void ratio of 0.3 at the same stress level. This supports the observation of
Pestana and Whittle (1995) that the LSL is only an acceptable model for constitutive sand
behavior over limited stress ranges. It appears that the LCC is a better model when
considering large ranges of stress and void ratio. It would be beneficial, however, to test
the Wabamun sand to extremely high stresses in order to observe which of the two curves

the material would follow.

7.2.  Classification Based on In-situ Testing

As discussed in section 3.1.5, Robertson et al. (1995) suggested a method for
classifying soil behavior and evaluating age and cementation effects based on normalized
cone resistance (Q) and normalized small strain shear modulus (G,/q,). The
classification chart (figure 3.11) predicts that both Q, and G,/q, will increase with age and

cementation.

In-situ test site I2 was selected to conduct detailed analysis because it most
closely represents material equivalent to that beneath the centerline of the dike, and
because interpretation of SASW data includes shear wave velocity profiles both with and
without a stiff crust. Data from the in-situ testing was normalized according to the

method described in section 3.1.5, and plotted as Q, against G,/q,. The bulk densities
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used in calculating the small strain shear modulus from the field shear wave velocity were

1370 kg/m’ above the water table and 1519 kg/m’ below the water table.

Figure 7.4 shows the plot of Q, against G,/q, for the case of no stiff crust, and
figure 7.5 shows the same plot for the case of a stiff crust. In order to distinguish the
data, it was separated into three depth regions based on the raw cone data (figure 4.14).
The material from 0.0 to 0.725 m depth has a higher bearing resistance, and is considered
a crust layer. For consistency, this definition will be used even with the shear wave
velocity data that assumes the crust to be absent. The material from 0.750 to 0.950 m
depth has very low cone bearing resistance, and is considered a weak layer. The
remainder of the material, from 0.975 to 5.550 m depth is relatively consistent, and is
grouped as the third layer. Note that within the third layer there is some variation in
frictional resistance, especially at depths of 1.2 m and 5.4 m. These variations were not
considered significant enough to define separate layers. In both of the plots, the material
from 0.0 to 0.725 m depth plots in the region of cemented sands or cemented gravely
sands, the material from 0.750 to 0.950 m plots as slightly cemented sands, sand
mixtures. silt mixtures and clays, and the remainder of the material plots as uncemented
sand, sand mixtures and silt mixtures. The primary effect of the no crust assumption is to
move the material from 0.0 to 0.725 m depth more toward the region of cemented gravely
sand. Note that much of the data plots as sand mixtures and silt mixtures, even though
the in-situ samples indicate the material to be sand or gravely sand (figure 4.3). This is

due to the compressible nature of the Wabamun sand, and the reduction in cone bearing

associated with compressible soiis.

This classification by the plots of Q, against G,/q, is similar to that given by plots
of Q, against normalized friction ratio (F,) and Q, against pore pressure ratio (B,) (figure
4.22). The primary difference is that the plots of Q, against G,/q, (figure 7.4 and figure
7.5) place the majority of the material in the range of young, uncemented deposits, while
the plot of Q, against F, (figure 4.22) places the material well below the range of normally
consolidated soil. This supports the discussion in section 4.5.2 that the sleeve friction

measurements in the CPT are affected by cementation.
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To further investigate the relationship between classification based on F, and
classification based on G,/q, figure 4.22 has been replotted with the three layers
identified. In this plot (figure 7.6), a log cycle was added to the classification plot by
Robertson (1990) in order to display the F, for most of the data points. Note that even
with the addition of one log cycle, 6.3% of the points still plot off the scale.

Work by Murff (1987) and Zhu et al. (1995) suggest that low cone friction should
be related to cemented soils. In the above data, we should expect to see points which plot
in the low friction region in Q, against F; to plot in the cemented region in Q, against
G,/q,. While this appears to fit well with the data for the crust layer (0.0 to 0.725 m), and
to a lesser degree the data for the weak layer (0.750 to 0.950 m), it does not hold true for
the remainder of the data. However, the findings based on experience in carbonate sands
that compressible, cemented materials will exhibit very low frictional resistance (Murff,

1987) appear to hold true for the Wabamun sand.

As a final note, it is worth considering the fact that the data is all based on field
measurements with the exception of in-situ density and in-situ stresses assumed in the
normalization process. The estimations used in this analysis are based on average values
of laboratory measured void ratios and specific gravities, both of which showed
significant variation between samples. Further, these parameters were measured on
disturbed samples, so that any influence that fabric or cementation may have on in-situ
material has been eliminated. Errors in the estimation of these parameters will have
varying effects on Q,, F, and G,/q,. Note especially that the calculation of G, relies on in-
situ density first in the forward modeling of SASW data to calculate V and second in the
calculation of Go from V, and p. In general, an increase in density will cause a
corresponding decrease in Q, and F,, and a proportional increase in G,/q.. An accurate
parametric analysis could not be undertaken, however, as it would have required re-

analysis of the SASW data.
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73. Prediction of Liquefaction Potential From Laboratory and

Field Testing

Cunning (1994) suggested a procedure for evaluating the potential for flow
liquefaction based on the laboratory determined e-p'-V, relationship and USS parameters
and field measured values of V, against depth. The depth can be converted into ¢, using
the bulk density of the soil and the depth of the water table. These data points of
coordinates V; and o' can be plotted in e-p-V; space (figure 6.10). Figure 6.10 shows the

location of the USSL for the Wabamun sand in terms of e against p'.

The location of the in-situ V, points relative to the USSL gives an estimation of
the large strain behavior. Data points which plot above the USSL have the potential for
flow liquefaction if the material is strain softening. The potential for strain softening
must be determined in the laboratory using samples of the material consolidated to
similar values of p' and V.. Data points which fall below the USSL should exhibit a

dilative response, and the potential for flow liquefaction does not exist.

Equation [19] can be rearranged to give void ratio as a function of V, p' and K

c=[ V. ((1+2Ko)100) | J - 20

139.54 Ko™'® 3p'

This equation can be used to estimate the void ratio in-situ based on field shear
wave velocity measurements and in-situ stress state. For the Wabamun field data, Vs was
given by the SASW testing. Vertical effective stress was calculated from o,' and K,
using equation [4]. The vertical effective stress used was that estimated from laboratory
measured index properties and used in the normalization of SASW and CPT data. AsK,
was not measured in-situ, plots were made using K=0.4 and K4=1.0 to represent a range
of reasonable values for naturally sedimented deposits. Zhu et al. (1995) point out that
increasing cementation in a sand will tend to decrease the at-rest lateral stress. If the
Wabamun sand is cemented in-situ, we can expect that the material will exhibit a lower

K, value, and that the plots for K, = 0.4 may be more representative of in-situ state.



1

Equation [20] was used to plot field data for SASW testing at in-situ test location
12. Figures 7.7 and 7.8 show the relationship for K;=0.4 and Ky=1.0 for the SASW data
which assumes no crust, while figures 7.9 and 7.10 show the two cases for the SASW
data which assumes a crust. In each plot, three data sets are shown. The first data set
shows the in-situ shear wave velocity data as it was determined from SASW. The second
data set has an aging correction made to the shear wave velocity according to Figure 3.10
(Robertson et al., 1995). Figure 3.10 suggests that for a deposit of approximately 5 years
of age (as determined from the September 1989 airphoto, figure 3.12), the field measured
shear wave velocities should be increased by 12 m/s to match laboratory measured shear
wave velocities. Note here that the correction uses the minimum age for the deposit. Age
of the deposit is expected to increase with depth, up to a maximum age at the base of the

lagoon of approximately 17 years.

The second data set is assumed to represent the condition beneath the centerline of
the dike prior to the construction of the dike. The third data set therefore estimates the
condition of the soil following the construction of the dike and impoundment of the
reservoir. Note that for simplicity pore pressure changes resulting from the development
of seepage beneath the dike and the effects of consolidation due to this increase in load

have not been considered.

Comparison of the plots for a K, value of 0.4 to those for K, of 1.0 demonstrate
the significance of this parameter in estimating in-situ state. While there is little change
in the contours of Vs in e-p’ space as a result of changes in Ky, void ratio changes by as

much as 0.25 for this material.

These plots show that this analysis does not predict that the Wabamun sand to be
strain softening, despite the fact that it is believed to have failed as a flow liquefaction
event. The material which most closely approaches contractive behavior is at a depth of
approximately 1.5 m in the analysis which assumes a K of 1.0 and the presence of a stiff
crust. The weak layer from 0.750 to 0.950 m depth identified in the CPT at this location
(figure 4.14) also plots close to the USSL. However, these points are still some 15 m/s in

shear wave velocity below the USSL.
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Two explanations for this failure to predict contractive behavior are offered. First,
this analysis relies on the prediction of in-situ stresses. As discussed previously the
estimation of in-situ stresses, while the best possible under the circumstances, is subject
to error. Second, the analysis relies on Robertson et al. (1995) relationship between shear
wave velocity and age (figure 3.10). This relationship is based on three silica sands
which are neither compressible or cementing. Given the effect of compressibility and
cementation on small strain shear modulus (figure 3.11), the shear wave velocity

correction with age for Wabamun sand could be higher than that predicted by Robertson

et al. (1995).
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Figure 7.1:  Consolidation data for Wabamun sand showing the LSL (Semple, 1988) and

the LCC (Pestana and Whittle, 1995) in a) e-log p’ and b) log e-log p’.
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analysis of SASW data.
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8. Summary and Conclusions

A slope failure occurred in cell 3 of the 1977 coal ash lagoon at the Wabamun
generating station. Based on eye-witness accounts of the event, it appears that the failure
was a liquefaction {low slide. The failure appears to have been triggered by toe erosion
of the cell dike which resulted in a sudden loss of strength of the ash material beneath the
dike. This research attributed this sudden loss of strength to a liquefaction induced
mechanism, and has attempted to explain the event using a liquefaction analysis

procedure suggested by Cunning (1994).

Basic in-situ testing was carried out in the ash deposits adjacent to the slide area
in an effort to characterize the material. This characterization has indicated that the ash is
a very weak granular material with a high compressibility, and that the material may be

weakly cemented.

Laboratory testing was carried out on freshly deposited reconstituted samples of
the Wabamun ash sand in an effort to define state boundaries and the relationship
between shear wave velocity, void ratio and effective confining stress. This laboratory
testing has confirmed that the material is highly compressible, and that the material

undergoes crushing at confining stresses as low as 80 kPa.

When the results of the laboratory testing are combined with the in-situ test results
using the method described by Cunning (1994), the in-situ response of the material is
predicted to be strain hardening. This predicted response is not consistent with the
mechanism attributed with the failure, and leads to two possible conclusions. Either the
prediction of in-situ soil response is incorrect, or the mechanism attributed to the failure

is incorrect.

The prediction of in-situ soil response was based primarily on the laboratory test
results on freshly deposited reconstituted samples. The CPT results show a response of

the material in-situ to be similar to that observed in lightly cemented carbonate sands,



where measured sleeve friction is very low. Other experience given in the literature with
lightly cemiented carbonate sands indicates that even small degrees of cementation can
result in the material becoming very brittle and strain softening. This indicates there is a
need for further work to study the possibility of cementation in the Wabamun ash
deposits. It further indicates that conventional sampling and testing methods could be
responsible for non-conservative error in the estimation of material behavior when
applied to a deposit of aged, cemented and structured soil. For deposits such as the

Wabamun sand, methods of undisturbed sampling are necessary to preserve structure for
testing in the laboratory.

There does exist the possibility that the failure was not initiated by a strain
softening flow liquefaction failure. The overtopping of the dike and subsequent toe
erosion described by eye-witnesses, combined with a high head of water behind the dike
could have resulted in piping beneath the dike leading to eventual failure. However, the
post-failure geometry and eyewitness descriptions suggest a sudden and rapid failure
resulting in large lateral movement of essentially rigid sections of dike. This evidence

strongly supports a strain softening flow liquefaction mechanism.

This research has provided a preliminary insight into the 1994 failure in cell 3 and

has identified some important issues regarding the characterization of these materials.

Clearly there is a need for continued research in this area.



128

9. Suggestions for Further Research

It can be concluded that the field and laboratory testing conducted for this
research is not sufficient to quantify the complex behavior of the Wabamun sand and
accurately predict the liquefaction failure of cell 3. In particular, in-situ density, as well
as the effects of aging and cementation on shear wave velocity and material brittleness

need to be further investigated.

Estimation of in-situ density is of great importance in the interpretation of data,
the preparation of normalized cone bearing against normalized friction ratio and
normalized cone bearing against normalized small strain shear modulus, and the
estimation of void ratio from the e-p'-V, relationship. For the analysis conducted here, in-
situ density was estimated based on laboratory measured index properties. As these index
properties were measured using disturbed samples, they cannot be considered
representative of the water deposited, aged and cemented material as it exists in-situ.
Given the importance of in-situ density to the data analysis, a program of in-situ
undisturbed sampling using a method such as block sampling or ground freezing (Sego et
al., 1994) should be undertaken. This would allow for accurate estimation of in-situ

density and for the determination of the variation of in-situ density with depth.

To further enhance the accuracy of classifications using plots of normalized cone
bearing against normalized friction ratio and normalized cone bearing against normalized
small strain shear modulus, and the estimation of void ratio from the e-p'-V, relationship,
the use of seismic CPT (SCPT) is recommended. While SASW techniques require
forward modeling of data based on estimated values of bulk density and Poisson’s ratio,
SCPT gives a direct measure of V,. This reduces the number of times the estimated value
of bulk density enters into calculations, and provides a better coupling between

measurements of Q,, F, and V, since all are measured at the same time.

The presence of even light cementation in-situ could greatly affect the applicatio:
of the laboratory e-p'-V; relationships based on laboratory testing of unaged, reconstituted

samples to field conditions. Based on experience with pile driving in carbonate sands
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(Murff, 1987), the very low sleeve friction observed in the CPT data suggests the
Wabamun sand is compressible and cemented. However, classification based on Qt and
Go/qt plot the majority of the material as young and uncemented. In order to understand
this effect, we need to better understand the role of cementation in the behavior of the
material in-situ. A program of laboratory testing on in-situ frozen, undisturbed samples
should be undertaken. Oedometer tests should be conducted to determine the degree of
overconsolidation (if any) resulting from cementation. Since we know the deposit to be
normally consolidated with respect to its stress history, any overconsolidation that is seen
could be attributed to cementation. A program of triaxial testing should also be
conducted to determine the in-situ USSL and e-p'-V; relationship. If the material did

prove to be cemented in-situ, we could expect to see significant differences between the

behavior of intact and reconstituted samples.

In order to further understand the relationship between age, cementation and shear
wave velocity, a program of aging tests should be carried out on Wabamun sand and on a
non-cementing sand. By measuring shear wave velocity of a laboratory reconstituted
sample as it ages, the initial portion of the Robertson et al. (1995) relationship between
shear wave velocity and age (figure 3.10) could be determined. By comparing the
response of Wabamun sand to that of a silica sand similar to those used in determining
the relationship in figure 3.10, the applicability of this relationship to Wabamun sand
could be determined. It can be expected that if Wabamun sand is cemented, the
relationship between V; and age for it would be steeper than that for silica sands, and

greater corrections would need to be applied to laboratory measured data for tests on

unaged samples.
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Appendix A

Preparation of Reconstituted Sand Samples

All of the triaxial test samples for this research were prepared in the lab using the
technique of moist tamping. This technique allows for the preparation of sand samples
that are both uniform in consistency (Sasitharan, 1994 and Pitman, 1993) and in a very
loose state.

Preparation of the sample begins with the assemble of the triaxial cell, complete
with porous stones, load head and a 127 mm reference sample. This allows for a
reference height to be determined using a dial gauge mounted on a ring stand. This
reference height is recorded and used later to determine the actual sample height.

The triaxial cell is then disassembled, a porous stone placed on the base using
Teflon tape, and the membrane placed on the base using O-rings. A 63.6 mm diameter
split mold is then placed around the membrane. The top of the membrane is stretched
over the top of the split mold, and vacuum applied to the split mold to hold the membrane
open.

To prepare the sand sample, a known mass of dry sand is mixed with a known
amount of water to achieve a desired moisture, usually between 2.5% and 10%. While
5% was used in tests on Ottawa and Syncrude sands by Cunning (1994), Sasitharan
(1994) and Pitman(1993), the high fines content and high porosity of the Wabamun sand
required a moisture content of 10%. This moisture content was sufficient to give the
cohesionless soil an apparent cohesion, allowing for the preparation of extremely loose
samples.

Once the sand had been thoroughly mixed to the desired water content, it is placed
in 4 layers into the membrane. Each layer is compacted with a drop hammer weighing
148 grams falling a distance of 4 mm. Five blows were used for the initial layer,
increasing to 14 blows for the last layer. This ensured uniform compactive effort
throughout the sample. Cunning (1994) suggested the use of a drop height of up to 21

mm and up to 15 blows on the first layer increasing to 25 blows on the final layer. This
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proved to create samples in the Wabamun sand that were too dense and therefore on the
dilative side of the USSL.

After the top layer is placed and leveled. the top loading head with the bender
element, porous stone and load cell is added. The top of the membrane is then removed
from the split mold and fixed to the loading head with O-rings. The vacuum is then
switched from the split mold to the top and bottom drainage ports of the sample to create
an effective stress in the sample and prevent collapse upon removal of the split mold.
Vacuum pressure used in the preparation was 15 kPa.

The split mold is then removed and measurements of the sample diameter taken.
Nine diameter measurements, three each at the top, middle and bottom of the sample,
were used to determine the average diameter.

Work by Cunning (1994) suggested the use of girth belts and a second membranc
in the preparation of the sample. For this work, the ratio of axial strain to volumetric
strain was taken as 3:1, as given by a simple elastic solution. This eliminated the need for
girth belts. The use of a second membrane was considered. However early tests
conducted using a single membrane proved this unnecessary.

The cell body is assembled and the top cap placed on the loading ram, taking care
not to strain the sample. The initial sample height was determined using the reference
height measured earlier. Sample height is given as the reference sample height of 127
mm plus or minus the changes in reference dial gauge readings. An LVDT is added at
this time and zeroed in order to track changes in height. In this way, the zero value on the
LVDT corresponds to the initial height of the sample, and all subsequent changes, either
due to handling of the cell, saturation or consolidation can be accounted for.

The cell is then transferred into the loading frame, the cell filled with water, and
the cell and back pressure lines attached. The cell pressure transducer is zeroed to
atmospheric pressure and a cell pressure of 25 kPa applied at the same time the vacuum is
removed. The pore pressure transducer in the base and the load cell in the loading head
are also connected to the data acquisition system at this time, and the pore pressure
transducer zeroed to atmospheric pressure. Also at this time, the volume change

measurement device is zeroed. The sample is then prepared and ready for saturation.



Back Pressure Saturation and B-test

Back pressure saturation is used to bring the samples to approximately 100%

saturation at a 25 kPa consolidation state. The procedure used to achieve this is as

follows.

In order to bring the sample to near saturated conditions, de-aired water is flushed
through the sample from the bottom drainage, up through the sample and out the top
drainage. After ensuring saturation of the back pressure lines, approximately 5 litres of
water are passed through the sample at a low gradient before proceeding with back
pressure saturation. Low gradient is defined here as one which is sufficiently small that it
does not cause collapse of the sample due to pore pressures created by the flow.

Back pressure saturation consisted of bringing the cell and back pressure from 25
kPa and 0 kPa respectively to 325 kPa and 300 kPa respectively in increments of 100
kPa. Dead weights were applied to the top loading platen at each increment to
compensate for the unequal end area effect of the internal load cell arrangement while
allowing for free movement of the loading platen. In each increment, the sample is
allowed to equilibrate under the new back pressure conditions, as shown by the
measurement of no further water entering the sample. The sample is then brought up to 2
cell pressure of 425 kPa and a back pressure of 400 kPa in increments of 25 kPa with
Skempton’s B test conducted for each increment. This test is done by monitoring the
response in pore pressure under undrained conditions to an increase in cell pressure. The
B value is the ratio of pore pressure response to cell pressure change, and should be 1.0 in
a fully saturated sample. After measuring the pore pressure response, the stage is
completed by equalizing the pore pressure to the back pressure at 25 kPa less than the
cell pressure. This procedure consistently resulted in a sample that is saturated. That is,

samples would either show a B value of greater than 0.95, or consecutive B values that

were equal.
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Consolidation and Shear Wave Velocity Measurement

Shear wave velocity measurements were taken at the initial consolidation state,
then at increments of consolidation of 25, 50 or 100 kPa up to the desired consolidation

stress. Again dead weights were applied as necessary to compensatc for pressure

changes.

Consolidation usually took about 20 minutes to complete, as shown by the
monitoring of volume change in the sample. However, for consistency, cach

consolidation increment is allowed to run for 30 minutes.

Void Ratio Calculations

The Void ratio for the sample is calculated from the following equation from Cunning
(1994):

Gs * (Vinit — AVsat — AVconsol —AVmem.corr.)* pw

e =

Ms
where: Gs = Specific gravity of the solids
Ms = The mass of the solids, g
pWw = The density of water, 1 g/cm3
Vinit = The volume after sample preparation, cm’
AVsat = The calculated volume change during saturation, cm’
AVconsol. = The measured volume change during consolidation, cm’
AVmem.corr. = The change in volume during membrane penetration, cm’

The change in volume during membrane penetration is included in the equation
for completeness. However, according to Vaid and Negussy ( 1984), Wabamun sand is

sufficiently fine that it does not require this correction.



Shear Loading

At the completion of consolidation, the loading ram is brought into direct contact
with the load frame and the sample is sheared either drained or undrained under a
constant strain rate of 0.15 mm/minute. The sample is strained to approximately 20%
axial strain, with all instruments being monitored by a CEED signal conditioer, and data
stored on an Pro-Spec IBM compatible 286 computer every 16 seconds.

The undrained tests were considered complete when the values of axial load and
pore pressure reached constant or near constant values, or the sample had reached it’s
USS. This usually occurred by the time the sample had been strained 20%. The drained
tests were considered complete when the axial load and volume change reached constant
or near constant values, or USS. This took greater axial strains, usually about 25%. The

shear wave velocity of the sample is taken at this point and the stress conditions recorded.



