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Abstract

The shear strength of soils can be significantly increased when matric suction is
present in the soil matrix. In reference to highways, this increase in soil strength
is reflected as an increase in stability. However, the increased strength
associated with soil suction cannot be expected to exist over the entire life of the
slope-aé it will fluctuate ‘or even be removed when subjected to certain weather
conditions. With the employment of unsaturated/saturated soil mechanics into
finite element and limit equilibrium methods, the influences of matric suction and

weather conditions on slope stability can be quantitatively evaluated.

In 1999, after a period of extensive rainfall, two slope failures developed within
the right-of-way of Provincial Road 259 near Virden, Manitoba. It is postulated
that extensive rainfall evenfs in 1999 caused dissipatioh of soil suction that
reduced total shear strength triggering failure. Following the slides, a research
project was initiated between the Geotechnical Group at the University of
Manitoba and the Manitoba Department of Highways and Transportation to
determine the cause of failure. A detailed research program that included the
assessment of the geology, geomorphology, site conditions, field conditions,
laboratory testing, and numerical modelling was undertaken to quantitatively

identify the cause of failure.

A transient coupled seepage analysis and slope stability computer model was

constructed to analyze the impact and contribution of matric suction and the



weather conditions on slope stability. The Seep/W and Slope/W computer
programs from GeoSlope Int. (Calgary, Alberta) were used in the analysis. Three
seven-month periods (April 1 to November 1) 1998, 1999, and 2000 were

analyzed with the seven-month period in 2000 used as the calibration year.

The results showed that during typical conditions the highway cut was stable due
to the contribution of matric suction to total shear strength. Following the non-
typical rainfall events of 1999, the highway cut became unstable as a result of

dissipation of matric suction due to infiltration into the soil.

i
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Chapter 1

Introduction

1.0 General Overview

The influence of soil suction on the stability of slopes is an important field of
study considering the abundance of unsaturated soils in populated areas of the
world (Fredlund and Rahardjo 1993). Specific case studies from Hong Kong,
Singapore, Malaysia and more recently Canada have shown examples where

instability was related to a loss of suction caused by weather conditions.

In 1999, after a period of substantial rainfall, two relatively shallow, bowl-shaped
failures developed along the right-of-way of Provincial Road 259, 4 kilometres
northeast of Virden MB. The movements are located along a highway cut slope
near the top of the west side of the Assiniboine River Valley. Movements in both
slide areas occurred along a 200 metre section of the highway. The two failures

are referred to as the West Failure and the East Failure.



1.1 Hypotheses and Objectives

Hypothesis:

Extensive rainfall caused dissipation of soil suction (negative pore water
pressures) in the soil profile of the slope, that in turn reduced the total effective

shear strength which triggered failure.

Objective of Research:

A research project was initiated between the University of Manitoba and the
Manitoba Department of Highways and Transportation to determine the cause of
failure. The objective was to obtain a better understanding of why these slopes
failed after 25 years of remaining stable. The results will be used to examine
methods of preventing future instabilities along similar highway cuts and to
properly assess improvements that can be realized from different remediation

techniques.

1.2 Organization of the Thesis

The literature review in Chapter 2 provides descriptions, comparisons, and
concepts of appropriate theories published in literature pertaining to this thesis.
This chapter also describes the fundamentals behind the modeling tools used in

this research project. The concepts include the stress-states of soils, soil suction,



predictive models for both the soil water characteristic curve and the unsaturated
hydraulic conductivity function, shear strength of soils, slope stability analysis,

and the fundamentals of numerical modelling and the finite element method.

Chapter 3 presents a general overview of the study area and includes a
description of the soil types and information on the geology and geomorphology.
The chapter also describes the location and geometry of the slope failures,
including details about the surficial deposits and groundwater conditions. Other
local failures are described along with their releVance to the study area. The
study area is located within a complex geologicali sequence produced by
numerous geomorphologic processes. These processes and the associated
physical formations are discussed in detail in the Geology and Geomorphology

section of this chapter.

Chapter 4 discusses the field investigation component of the research. The field
investigation consisted of a site survey, excavation of test pits, four boreholes,
and several hand augured holes. All the boreholes and most of the hand augured
holes included installation of standpipe piezometers to measure the groundwater
conditions. Information gathered from the field investigation is shown to be a
major key to understanding the site conditions and the factors that influence
slope instability. The knowledge gathered from the field investigation is used in

subsequent components of this research project.



Chapter 5 presents description, and results for all laboratory tests undertaken in
this research program. The laboratory tests included traditional soil classification
tests, flexible wall permeameter tests, triaxial tests, and direct shear tests. The
traditional soil classification tests included Atterberg limits, specific gravities, and
grain size distributions. For the most part, the soil was medium plastic in nature
with the majority of the soil being classified as a “till like” clay. The permeability
was determined to range between 5.6 x 107° m/sec to 3.7 x 10™"" m/sec based
on intact, lab specimens. In-situ permeability could be expected to be
significantly higher due to weathering and freeze/thaw cycles. The normally
consolidated (critical state) friction angle from the triaxial test results was
selected based on the blocky/friable nature of the material retrieved from the
study area and was interpreted as being 22.3° with an assumed cohesion of
zero. Since the slope has undergone past instability and the nature of the
material would result in cohesion near zero, the interpreted shear strength
envelope was forced through the origin for simplicity. The internal friction angle
determined from triaxial tests was verified with shear strength results from direct

shear tests.

Chapter 6 provides details on seepage and slope stability model construction
calibration, and analysis under steady-state and transient conditions. The
seepagé and slope stability models were used to predict the stability of the PR
259 highway cut at the study location. The preliminary seepage and slope

stability model incorporated one soil profile with averaged field and laboratory soil



parameters under steady-state conditions. No flux boundary was defined along
the slope face. A transient seepage and stability mode! included four soil types
and their associated soil properties determined or inferred from laboratory and
field results. A defined environmental flux boundary along the slope face was
included in the detailed model allowing for evaluation of the time-dependant
dissipation phenomenon. Calibration and sensitivity studies using the model are

also presented in this chapter.

Chapter 7 summarizes all the major conclusions of the research project,
including a discussion of the results from the transient seepage and slope
models for 1998, 1999, and the calibration year 2000. In addition, this chapter
concludes with a discussion of the limitations of the work undertaken and the

‘directions for future research.



Chapter 2

Literature Review

2.0 Introduction

The most important concept in soil mechanics required to understand the
instability issues for PR 259 is unsaturated soil mechanics. In the last 25 years
there has been a significant increase in the volume of literature on unsaturated
soils and numerical modeling. One reason for the increase in research activity is
the improvement in laboratory testing procedures for obtaining unsaturated soil
parameters to verify theoretical concepts. Better experimental data produced a
stronger basis for applying the theory of unsaturated soil mechanics in practical
applications. A second reason for the increase in unsaturated soils research is
the ability, with the aid of the personal computer, to apply unsaturated soil
mechanics to solve engineering problems. In terms of computer-aided numerical
modeling research, the increase in published literature is strictly due to the
increase in computational power and availability of commercial software. This
allows for an increase in complexity and precision of solutions for engineering

problems. Finite element and limit equilibrium numerical methods are the two



most widely used methods that have been incorporated into computer-aided

numerical modelling for geotechnical engineering.

All unsaturated  soil theories uéed in this research project are described,
compared, and selected in this chapter. The chapter also describes the
fundamentals inherent in the modeling tools used in the research project. This
chapter provides necessary background information needed to comprehend the

work that has been presented.
2.1 Strength of Soils

Soil behaviour, in general, is directly related to the stress-state to which it is
subjected. Varying the stress-state of a soil element will affect its strength and
volume state. Since volume change of a soil is not incorporated into limit
equilibrium slope stability analysis or finite element seepage analysis, the

theoretical concepts are addressed only briefly in this literature review.

The stress-state of a soil can be best defined as a combination of stress
variables exerting either external or internal stresses on a soil element. The
number of stress variables needed to describe the state of stress of a soil
element ié dependent on the number of phases present in the soil mass

(Fredlund and Rahardjo 1993).



2.1.1 Phase Relationship

Soils generally exist either as two-phase systems or three-phase systems. A soil
incorporates soil parti‘cles and pore spaces (which include pore fluid and/or pore
air). In a two-phase soil system, either fluid or gas occupies all pore spaces
within the soil element. A two-phase soil system incorporating only pore fluid,
usually water, is generally referred to as a saturated soil. A two-phase soil
system that incorporates only soil particles and gas, usually air is referred to as a
fully dry soil. A three-phase system incorporates pore fluid, pore air, and soil
particles. A three-phase soil system is referred to by many as “partially saturated”
soil. However, the term “partially saturated” is used out of context. The technical
definition of the term “partially saturated” describes a soil where a portion of the
soil structure is saturated while the remaining part of the soil is unsaturated. An
example is bimodal compacted high plastic clay. The term “unsaturated” is the
.more accepted term to use when describing a three-phase soil mass and will be

used in this thesis for this purpose.

2.1.2 Stress-State of Soil

The stress-state for saturated soil incorporates two stress-state variables, while
the stress-state for unsaturated soils incorporates three stress-state variables.
There are many different ways to define the stress-state of a soil mass for

saturated and unsaturated soils. The choice of the stress-state variables



presented by Fredlund and Morgenstern (1977) is generally accepted in current
geotechnical practice and will be used in this research project. The stress-state

variables chosen by Fredlund and Morgenstern (1977) are as follows: (6-u,),
(u, —u,), and (u,) (Figure 2.01, Figures can be found after each chapter). The
stress variables are total stress (o), pore water pressure(u,, ), and pore air
pressure (u,). Total stress is the force per unit area exerted on a soil mass
externally, including gravitational forces. Pore water pressure is the stress

exerted internally by the pore water against the soil particle matrix, while pore air

pressure is the internal force per unit area exerted by the pore air.

The three stress-state variables can be incorporated into an unsaturated stress
tensor to define soil behaviour (Figure 2.01). The saturated stress tensor can be
regarded as a special case based on a modified unsaturated stress tensor
(Fredlund and Rahardjo 1993). The unsaturated stress tensor is written as

follows:

(O -u,) T, T,
Ty ((sy —ua) Toy eq. 2.01
Te T, (0,-u,)
(u, -u,) 0 0
0 (u, -u,) 0 eq. 2.02
0 0 (u, -u,) |



The (o, —ua)1; terms in the unsaturated stress tensor are referred to as the net
z .

normal stress, while (u, - uy) is referred to as matric suction. Matric suction is

discussed in detail in section 2.2.

The stress tensor for a saturated soil is a simplificaﬁon of the unsaturated stress
tensor (equation 2.02). As the soil becomes fully saturated the matric suction
approaches zero since the pore water pressure (uy) begins to equalize with the
pore air pressure (us). This equalization generates a zero term in the second
stress tensor eliminating the second stress tensor completely (equation 2.02).
The first unsaturated stress tensor remains unchanged with the pore water and
pore air variables being interchangeable. The unsaturated stress tensor in

equation 2.02 simplifies to equation 2.01 for Saturated soil.
2.2 Soil Suction
Soil suction can be referred to as the free energy state of soil water (Edlefsen

and Anderson 1943). Soil suction can be calculated using the thermodynamic

relationship of partial pressure (Richards 1965) which is written as:

y=0T m( U J eq. 2.03
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where:

v =soil suction or also known as total potential, (kPa)
R =molar gas constant, 8.31432 J/(mol K)
T =absolute temperature, (K)

v, =specific volume of water, 1/p,, (m® /kg)
®, =molecular mass of water vapour, 18.016 (kg/ kmol)

U, =partial pressure of pore water vapour, (kPa)
u,, = saturation pressure of the water vapour over a flat surface of pure water
at temperature T,( kPa)

The 'Gv /u,, term in equation 2.03 represents relative humidity. Relative humidity
is directly proportional to soil suction since all other terms in equation 2.03 are
constants. It is difficult to cal~culate the relative humidity in a soil. In particular, it is
difficult to calculate the partial pressure in a soil. Adding to the complexity is the
| fact that partial pressure in a soil is due to two independent mechanisms, osmotic
suction and matric suction (see equation 2.04). Total suction is taken as the sum

of the two components. Total suction is written as:
y=(u,-u,)+m . eq. 2.04

where:

(u, —u, )=matric suction
s = osmotic suction
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2.2.1 Osmotic Suction

Pore water in many applications includes dissolved salts such as Na*, Ca®*, and
Mg?*. The vapour pressure of water over a solution of dissolved salts is less than
the vapour pressure of water vapour over pure water. The difference in partial
pressures between a solvent and pure water decreases the relative humidity of
the soil thus increasing the overall soll sucﬁon. Since the soil retrieved from the
study area is suspected of having low concentration of salts and was exposed to
the same pore fluid at all times, the osmotic component is expected to have little

impact on total suction. Osmotic suction was not considered in this program.
2.2.2 Matric Suction

Matric suction is based on the capillary rise phenomenon related to surface
tension of water. Surface tension is due to the interaction of molecules within the
contractile skin at liquid/air interfaces. All liquids have a unique surface tension
value. The best example of the capillary phenomenon is demonstrated by a
capillary tube (Figure 2.02). Within the capillary tube all water above atmospheric
pressure (Point A) is under a negative pressure or in other words is in tension.
This negative pressure is due to the surface tension that acts along the
circumference of the meniscus at a specific contact angle. The contact angle
depends on the contact material and the liquid used. Using the summation of

forces in the y-direction, the capillary rise is as follows:
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2T, cosa =nrh.p,g eq. 2.05

where

r = radius of capillary tube, (m)

Ts = surface tension of fluid, (kg/s®)
o = contact angle, (degrees)

h, = capilliary height, (m)

pw = density of fluid, (kg/m®)

g = gravity, 9.806 (m/s?)

Equation 2.05 can be re-written as:

h.p,9=2T,cosa/r eq. 2.06
h.p.9=(u, -u,)andcos a = 0 for water therefore;

(us - uy) = 2T/ eq. 2.07

Equation 2.07 states that the matric suction is inversely proportional to the radius
of the capillary tube. Pore spaces within the soil can be broadly thought of as
acting like small diameter capillary tubes (Figure 2.03). The radius of a pore
space will affect the height of the raised pore water. Therefore the pore space
structure of the material (clay, silt, sand, etc.) will inherently affect the magnitude

of matric suction that is developed at specific water contents.
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The capillary rise phenomenon and the associated equation (2.07) is the
theoretical basis for determining the soil water characteristic curve for a soil
(SWCC). The soil water characteristic curve is the most important unsaturated
soil property for examining unsaturated/saturated flow and the increase in soil
strength due to suction. The procedures used for determining the SWCC for this

research project are presented in the following section.

2.3 Prediction of the Soil Water Characteristic Curve from Grain Size

Distributions

Section 2.2 illustrated how pore size of a soil affects capillary rise of the pore
fluid, which in turn affects the magnitude of matric suction. All soils contain a
varying pore size distribution resulting in a range of suctions depending on the
water content. Adding to the complexity is an understanding that smaller pore
sizes may be completely saturated while larger pore sizes are unsaturated for
any given moisture content. Varying pore size distribution and the fact that
certain pores will be saturated while others are unsaturated produces a functional
relationship between suction and water content known as the soil water

characteristic curve.
The SWCC depends on whether the soil is undergoing a wetting phase or drying

phase. When a soil is undergoing wetting from a dry state (high suctions/large

negative pressures) the smaller size pore spaces will fill first while the larger
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pores fill last. Conversely, when a soil is fully saturated and undergoes drying,
the larger pores will empty first, while smaller pored empty more slowly. The
difference in the mechanics of wetting and drying phases produces two
independent SWCC curves for a specific material, one for each direction
(wetting/drying, Figure 2.04). For simplicity, most predictive SWCC models

average the wetting and drying phases to produce one curve.

Currently, experimental tests using salt solutions and desiccators produce the
most accurate measurements of_ the SWCC. Equations have been developed to
calculate functions that fit experimental data for the SWCC. The most common
fitting equations were developed by Brooks and Corey (1964, 1966) and van
Genuchten (1980). Theoretically based predictive methods have and are
currently being developed to calculate the SWCC through non-experimental
means with promising results. In general, two types of theoretically based

predictive approaches have been developed.

The first type involves using a mathematical equation to represent a grain size
distribution. The grain size distribution function is then in turn converted into a
pore size distribution. This pore size distribution functfon can be transformed into
a SWCC using the theoretical principles such as capillary rise (equation 2.07).
Unfortunately, calculated soil water characteristic curves need to be adjusted to

archived experimental results of similar material using fitting parameters. This
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method can be useful when an experimentally attained SWCC is not available for

a particular soil thats SWCC has been archived.

The second type of theoretical approach involves a more scientifically based
method using a mathematical function to create the SWCC based on basic
material properties derived from a grain size distribution. The second approach is
attractive due to its scientific rigour and well-developed formulation. The
limitations of the second approach are that some empirical constants are still

required.

Both the experimental and predictive approaches for obtaining the SWCC were
considered in this project. Since the heterogeneity of the material encountered at
the study area would require numerous lengthy tests and the limited amount of
soil samples, it provided arguments againsf using the experimental approach for
obtaining the SWCC for this project. Therefore, SWCC curves were determined

using theoretically based predictive models.

2.3.1 Theoretical Predictive Methods for the Soil Water Characteristic Curve

Several predictive models were examined, with two particular methods being
explored in further detail. The two methods examined in detail were the Fredlund

and Xing (1994) method, and the Kovacs method (1981).
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Fredlund and Xing (1994) developed a theoretical method of predicting the
SWCC based on a surface tension equation and an equation fitted to the pore
size distribution. The pore size distribution is developed from a fitted grain size
ldistribution. The first difficulty encountered was calculating reasonable air entry
values for the material type retrieved from the study area using the equation
presented by Fredlund and Xing (1994). The second difficulty was producing an
empirical equation to represent the grain size distribution. The third difficulty was
to determine what equation and assumptions were required to convert the fitted
grain size distribution to a pore size distribution. The grain size to pore size
conversion equation needed to incorporate the density and packing of the soil
particles. In addition, the equation needed to represent the soil particle shape
distribution from the flaky nature of clay particles to the angular nature of granular
materials. Overall this method produced unreasonable results when used to
calculate the SWCC for the material retrieved from the study area and will not be

considered further.

The second method (Kovacs 1981) produced reasonable results when used to
predict the SWCC for several samples of soil retrieved from the study area and
was attractive because of the ease to which the method could be applied to any
type of soil material. For these reasons the Kovacs method was selected for

calculating the SWCC for this project.
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Aubertin et al. (1998) examined the Kovacs method (1981) and compared it with
other methods. The authors selected the Kovéacs method for their study because
of its simplicity, its physical significance, and its lesser reliance on empirical
constants compared with other models. The lack of reliance on empirical
constants is important when constructing a “theory based” predictive model. In
addition to examining, comparing, and verifying the Kovacs model, Aubertin et al.
(1998) also presented a comparison of several methods of calculating the air
entry value. One of these methods was selected for evaluating the air entry value
for material retrieved from the study area. Results are discussed in the following

section.
2.3.2 Calculating the Air Entry Value (AEV)

The air entry value (AEV) is the suction value where the largest pores within the
soil begin to drain and air begins to enter the soil. Several methods of calculating
the AEV were presented by Aubertin et al. (1998). After reviewing the paper and
its results, the Brooks and Corey (1964) method of determining the AEV was
adopted for this research. It was preferred because of its simplicity and its
common use in engineering practice. The Brooks and Corey (1964) method
assumes that two straight lines in semi-log space can represent the SWCC. The

intersection point of the two straight lines is considered the AEV.
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Estimation of the AEV provides an “anchor point” where the predicted SWCC can
be adjusted to match experimental values. The AEV estimation equation
presented by Bear (1972) was selected. The equation is a simplified form of the

Polubarinova-Kockina equation as follows:

b
= eq. 2.08
Yaev eD,, q
where:
b = a constant based on the Brooks and Corey method (1964) from
experimental SWCC, b = 4.0
e = void ratio of the soil

D10 = diameter for which 10 % of the weight passed a sieve size, (mm)
W,e, = the suction value where the largest pores begin to drain, (kPa)

The constant b is an empirical constant derivevd from air entry values calculated
using the Brooks and Cory method (1964) from experimental soil water
characteristic curves. Aubertin et al. (1998) showed acceptable correlations
between the estimated AEV and the calculated AEV from experimental results

(Figure 2.05).
2.3.3 Prediction of the SWCC Using the Kovacs Method (1981)

Kovacs proposed that the soil water characteristic curve was based on the

following equation:
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S, =S, +S,(1-S,) eq. 2.09

where:

S, =saturation ratio, 6/6_,0 = volumetric water content, 6, = saturated water
content

S, =component of saturation due to capilliary forces

S, =component of saturation due to adhesive forces

The two components of the S; equation are saturation due to capillary forces (S;)
and saturation due to adhesive forces (Sa). The S componént of the SWCC
dominates the curve from the saturated water content, 6, to the water content
where the water characteristic curve begins to flatten out at larger suction values.
Between this range, the water content and the capillary rise depends on the pore

size distribution of the soil. The S, equation is as follows:

e b

The he, term represents the pore water rise between the AEV and the residual
volumetric water content, 6.. The he, is a constant and is calculated using the

following equation:

h, :az(lﬁﬂr%] eq. 2.11
h
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The S; equation given in equation 2.10 is a probability function that represents
the pore size frequency. The probability function is an exponential function that
has been simplified from a gamma function or also referred to as Euler's second

integral which is an improper intergral.

The ap term in equation 2.11 represents an averaged empirical constant
suggested by Kovacs to be 0.75. The n term represents the porosity of the soil,
which is assumed to be equal to 6s. The ou/Dy term is the ratio of the particle
shape factor ok to the effective grain size Dn. The shape factor oy, defines the
shape of the soil particles between a sphere (rounded material such as granular,
ox = 6) and tetrahedron (flaky material such as clay, ok = 18). The shape factor
parameter cannot be determined from any basic soil properties and thus has to
be estimated based on the soil material present. The Dy term represents the
Kozeny’s effective grain size, which is the diameter of a perfect spherical particle
of soil that has been converted from the real non-spherical soil particle. The

Kozeny equation is given in equation 2.12 where:
D, =(1.17logC, +1)D,, forC, <50 eq. 2.12

where C, is the uniformity coefficient, Deo/D1o.

The adhesive component, S, of equation 2.09 is associated with a thin film of

pore water that covers the interlocking soil grains. The interlocking soil grains can
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be considered conceptually as a solid wall (Helmholtz Double Layer). This film of
water creates an attractive force between the film and the solid wall due to
electrostatic charges and the dipolar characteristic of water molecules (eg. Hillel

1980: Mitchell 1993). The S, equation is as follows:

| Bo
S, = a1(1—;—-rl)w“" [gij eq. 2.13
h

ai, P1, P2 are empirical model coefficients equal to 2.5 x 10% 1/6, 2/3
respectively. The values used for the empirical coefficients are average values
suggested by Kovacs.

The two components of the saturation equation can be combined into one

equation representing the relationship between soil suction and volumetric water

content. The combined equation is given below:

e:n{(%’—f +1j|exp{_(%]2}x{n—1.4x10ZE%EM(HQ—ns)”s(hco)Uz] |

eq. 2.14

The equation is considered representative for:
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50<g—"—<25><103

h

Using equation 2.14, Kovacs (1981) and Aubertin et al. (1998) compared the
calculated and experimental soil water characteristic curves with good results.
However, the Kovéacs method of predicting soil water characteristic curves is
limited in its ability to represent the experimental soil water characteristic curves
because of the estimated empirical parameters. One example of a parameter
that limits the accuracy of the Kovacs equation is estimating meaningful values
for the ok term. Fortunately, slight modifications to the Kovacs model produces
better correlations to experimental soil water characteristic curves while removing

some irregularities in the SWCC curve (Aubertin et al. 1998).

2.3.4 The Modified Kovacs Method of Predicting Soil Water Characteristic

Curve

The first modification that was performed by Aubertin et al. (1998) on the Kovacs

model is to equation (2.09):
S, =S’ +Saw(1—ScV) eq. 2.15

The v and w are fitting parameters with v = 0.2 and w = 1 for most soils. Using

fitting parameters somewhat defeats the purpose of a physically based model.
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Even with the addition of the fitting parameters v and w, the modified Kovacs
model is still more physically based then any other predictive SWCC model that

has been considered.

This first modification to the Kovacs model affects the capillary component of the
model (equation 2.10). The S; equation was modified with the addition of an
adjustment parameter, m, which produces a pore size distribution intermediate to

a gamma and éxponential distribution. The new S; equation is given below:

sl

In addition to the adjustment parameter (m), the h, parameter can be based on
the AEV and not on the ow/D; term, which can be difficult to estimate. The he
term can be assumed to be linear with the_air entry value with hg, = 1.25 —
2.5yaey. This assumption limits the possible range of h, thus limiting the range

of the S; component of suction to unknown parameters.

The second modification to the Kovacs model was to the adhesive component of
the model (equation 2.13). This modification ensures that the SWCC reaches a
fully dry state at some finite suction. The modification includes a material
parameter correction developed by Fredlund and Xing (1994). The modified S,

equation is as follows:
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a /
a™ C\v e "oy e hco2 ’ eq. 2.17

S

where:

— 1"In(1+W/Wr)
YooIn(+y, )

eq. 2.18

The ‘a’ term in equaﬁon 2.17 is based on a; of equation 2.13 and is empirically
derived by fitting, with an average value equal to 0.006. In equation 2.18,
developed by Fredlund and Xing (1994), the , term represents the suction value
for a completely dry soil, which is equal to 10’ cm of water (Ross et al. 1991).
The vy, term represents the suction value for the residual water content, 6,. The
residual suction valﬁe, v, of 15 x 10° cm was observed for the material studied in
Aubertin et al. (1998). This residual suction value was used in this research
project since the material studied in Aubertin et al. (1998) is very similar in nature
to the material retriéved from the study area in terms of grain size distribution.
Since the studied failures are shallow, the S, component of the SWCC is of little

importance in terms of its impact at low suction values.

Overall the modified Kovacs model better represents the experimental data when
compared to the Kovacs model. Figure 2.06 compares the two models against
experimental results. The modified Kovacs model was used to calculate the

SWCC for the soil retrieved from the author’s study area.
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2.4 Prediction of the Conductivity Function from the SWCC

As with matric suction, the hydraulic conductivity of a soil depends on the water
content and whether the soil is undergoing drying or wetting. The hydraulic
conductivity function can be obtained by experimental or numerical means.
Obtaining the hydraulic conductivity function from experiments was once more
not considered because of the wide variability and limited amount of the material
retrieved from the study area. The only reasonable option was to use the SWCC
to predict the hydraulic conductivity function. Two predictive models were
considered, Fredlund et al. (1994) and van Genuchten (1980). The van
Genuchten (1980) method Was selected because of its simplicity,’ ease of
application and the fact that an equation is first fitted to the existing SWCC using
fitting parameters. The same fitting parameters are then used in a second
equation to predict the hydraulic conductivity function. Using two separate
equations with the same fitting parameters allows for calibration of the fitting
parameters when applied to the SWCC, which in turn increases the confidence in

the predicted hydraulic conductivity.
2.4.1 Closed-form Equation Presented by van Genuchten (1980)
van Genuchten (1980) presented a closed-form equation for predicting the

hydraulic conductivity of a soil at different suction values. The closed-form

equation was based on Mualem’s model (1976). As explained above, van
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Genuchten first predicted and fitted a SWCC to an existing SWCC. The equation

used to predict and fit the SWCC is:
8, =(n—6r)><{—-——1TJ +0, eq. 2.19

where m = 1 - 1/n and «, nare fitting parameters (note: here n is different from

n=0,)

The n-parameter affects the slope of the SWCC between AEV and the residual
wafer content while the a-parameter adjusts the location of the AEV. After using
equation 2.19 to predict and fit a SWCC to SWCC data, the fitting parameters are
incorporated into a function developed by van Genuchten that predicts the
hydraulic conductivity distribution. The function is based on a partial incomplete

beta function (Euler's second integral). The function is given below:

S B0 P 00, 220
[1 +(ony)” 2

van Genuchten (1980) compared results from equation 2.20 against all types of

soils with good results. Figure 2.07-2.11 presents results of those comparisons.
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In addition van Genuchten (1980) compared his closed-form equation against a
model presented by Brooks and Corey (1964). The Brooks and Cory (1964)
model developed a general equation for predicting the hydraulic conductivity from
| a large database of SWCC'’s. The Brooks and Cory (1964) model is based on the
Burdine model (1953), which is very similar to Mualem’s model (1976). At large
suction values, the van Genuchten (1980) model simplifies to the Brooks and
Cory (1964) model, producing an ‘identical SWCC relationship. However, at
smaller suction values, the Brooks and Cory (1964) model produces a curved
SWCC while the van Genuchten (1980) model is somewhat bi-linear creating a

discrepancy. Both models are very similar and are equally accepted in practice.
2.5 Shear Strength

Many geotechnical failures, including the shallow instability examined in thjs
thesis, are directly related to reduction of shear strength in a soil. The shear
strength of a soil in any plane is related to the stress-state of the soil. The stress-
state of a soil, as described in a previous section depends on two stress-state
variables, net normal stress, (o - u,), and matric suction, (u, - uy). As with most
theoretical principles in soil mechanics, the saturated case is presented first

because of its relative simplicity.
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2.5.1 Shear Strength Equation for a Saturated Soil

The shear strength of a saturated cohesive soil can be defined by the Mohr-
Coulomb failure criterion and the effective stress principle (Terzaghi 1936). The

shear strength of a soil is defined as:

1=¢"+(c—-u, )tan¢’ eq. 2.21

The Mohr-Coulomb failure criterion assumes the soil is at failure once the
maximum principal stress ratio is reached for a specific normal stress level. The
criterion can be applied to intact soil (peak strength) or soils that have previously
undergone deformation and are now completely remolded (residual strengths).
Equation 2.21 defines a straight line- referred to as the Mohr-Coulomb failure
envelope (Figure 2.12). Equation 2.21 can be represented graphically through
the construction of at least two (preferably mo're) Mohr circles representing
different stress conditions that produce failure in a soil. A Mohr circle describes
the interaction between shear stress and normal effective stress on a variety of
different orientations at a point. With the construction of Mohr circles at failure, a
straight line can be drawn tangent to the circles defining the failure envelope. The

slope of the line represents the internal friction angle, ¢, and the intercept on the

T-axis represents the effective cohesion, ¢’ (in overconsolidated soils failure

envelopes are generally bi-linear and additional tests are needed).
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The shear strength of a two-phase soil mass depends on the effective stress

concept. The effective stress concept for saturated soils is as follows:

{o'}={o}-u, {1} eq. 2.22

The effective stress concept is widely accepted and at times regarded as a law
(Fredlund and Rahardjo 1993). The effective stress concept is independent of

soil properties, meaning it is applicable to all soils (sands, silts and clays).

2.5.2 Shear Strength Equation for an Unsaturated Soil

The shear strength of an unsaturated soil, like the saturated case, uses the
Mohr-Coulomb failure criterion and the effective stress concept, but with an
additional stress-state variable. Fredlund et al. (1978) presented a shear strength
-equation for unsaturated soils that has become widely accepted. The equation is

given by:

T=C¢"+(0-u,)tan¢’+(u, —u,)tan¢® eq. 2.23

The shear strength equation for an unsaturated soil is an extension of the

saturated case (equation 2.21) with addition of the (u, - uy) stress-state variable

and the q)b strength parameter. With two stress-state variables, the Mohr-
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Coulomb failure envelope becomes three-dimensional (Figure 2.13). The (U - Uy)

term defines the third orthogonal axis.

The ¢° parameter is the parameter that represents the increase in shear strength
‘associated with an increase in matric suction. This is the most important
parameter in unsaturated soil mechanics. The ¢”parameter was initially thought

to be constant for a specific soil, but recent evidence has shown that it varies
with matric suction level up to the air entry value. This produces the curved

envelope shown in Figure 2.14. At suction values greater then the air entry value,
the ¢° parameter is constant and less than ¢’. The tan(¢") function is curfently
represented by a bi-linear function with the air entry value being the inflection
point (Fredlund and Rahardjo 1993). Morris et al. (1992) has suggested that ¢° =

q)” —4°, as a global approximation, while up to the air entry value, Vanapalli et al.

(1996) has suggested value of ¢* = ¢’.

2.6 Slope Instability

The concept of using limit equilibrium slope stability analysis is well established.
The development of analytical methods for slope stability has only recently seen
a method that produces a deterministic solution. Recently, further improvements
haye been achieved with the aid of computers in the accuracy and precision of

slope instability analysis.
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For the most part, slope instability analysis is based on the effective stress
principle and the Mohr-Coulomb failure criterion discussed and presented in
sections 2.5.1 and 2.5.2. Both of these idedas are incorporated into limit
equilibrium analysis. A limit equilibrium solution is based on summation of forces
or moments acting on a soil mass at the point of failure. Limit equilibrium includes
forces and strengths, but does not include displacement. In order to produce the
most accurate solution, a good site investigation and site survey needs to be
undertaken to adequately determine the groundwater conditions and soil strength
properties (Graham 1984). Thus, slope stability analysis incorporates many

aspects of geotechnical engineering practice.

2.6.1 Infinite Slope Analysis

Infinite slope stability analysis is a determinate simplified solution where the
failure surface is assumed to act parallel to the grounds surface. These types of
failures most often occur in natural hillsides due to softening, weathering, high

groundwater pressures, and/or toe unloading (Skempton 1964).

The analysis assumes the slope surfaces is uniform and any element or slice
represents the mechanics of the enitre slope failure. For each slice, the soil
properties and pore water pressures remain constant ( Figure 2.15). The forces
acting on the slice are as follows: W is the self-weight of the slice, P is the normal

force acting at the base of the slice, T is the shear force acting at the base of the
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slice, and Q. and Qg are the interslice forces acting at an angle Bto the
horizontal. The interslice forces can be assumed to be equal and opposite if all
slices are assumed to be identical. The forces described above are defined as

follows:
W =1bz P =ybzcosf T =vbzsinf

Letting the length of the base of a slice JK = bsecf and converting the forces into

stresses:
o, =YZCOos’P 1, = Yzsincosp

Therefore the safety factor against sliding is simply the ratio of mobilized shear

strength to required shear strength:

¢’ +(yzcos? B—utan¢’

- eq. 2.24
vzsinfcospP

SF.=Taq/ Ty =

where:

u=1y,mcos?p eq. 2.25
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where:
m = the percentage of the slice height that is fully saturated, (0 to 1.0).

If previous movements have occurred in the slope, ¢* will be reduced and

cohesion will be at or near zero. If the slope is fully saturated then equation 2.24

simpilifies into:

SF= (l%}t{?n—% eq. 2.26

Using equation 2.26, under natural conditions fissured clay in a periglacial slide
mass at a slope angle of ¢;/2 will a have a safety factor of 1.0 (Prior and Graham

1974). The conditions described by Prior and Graham (1974) are very similar to

the conditions observed in the field and laboratory component of this thesis.
2.6.2 Limit Equilibrium Method of Slices

It is common in slope stability analysis to equally divide the failed soil mass into
individual slices. These slices are then analyzed on an individual basis in terms

of forces and moments acting on a slice (Figure 2.16). The forces that act on a

slice are as follows:
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1. Self-weight, defined as W

2. Interslice resultant forces, Q_and Qg acting at some angle 6, and QR to
the horizontal, as well as the horizontal pore water forces, U and Ug

3. Forces acting on the base of a slice, including total normal force, P,
pore water pressure, U, and shear force, S, acting at some angle o

from horizontal along the base of the slice

The following unknowns need to be calculated for n number of slices of a sliding

mass:

Forces:
n normal forces, P
n-1 interslice forces, Q_ and Qr

n-1 interslice angles, 6. and 6r

3n -2 total unknowns

Moments:
n e distances of P

n—-1 fdistances of Q_and Qr

2n -1 total unknowns

Y. Total 5n — 3 unknowns
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It is assumed that pore water pressures are known for each slice. The sliding
mass can be analyzed with two force and one moment equilibrium equations
solving for 3n of the unknowns. Subtracting 3n values from 5n — ‘3 values leaves
2n — 3 unknowns. In order to make the problem statically determinate you need
2n — 3 assumptions. One assumption is that P acts at the centre of each slice
when the slices are selected thin enough thereby eliminating unknown e and
reducing the unknowns by n. The last assumption deals with interslice angle,
9, reducing the unknowns by n —1 values. These two assumptions produce 2n-1
values, where only 2n — 3 unknowns are required. This over simplification of
unknowns produces two independent solutions to a slope stability problem
depending on whether a force or moment limit equilibrium equation is used. The
6 assumption creates a non-rigorous solution allowing an infinite number of
solutions to be developed based on the choice for the interslice assumption
‘incorporated into the analysis. Luckily, the interslice angle assumption, 6, does
not significantly affect the safety factor, especially when using moment limit

equilibrium equations (Frediund and Krahn 1977).

2.6.2.1 Development of Safety Factor Equations
The principle of limit equilibrium states that the sum of driving forces (or
moments) equals the resisting force (or moments). When considering circular

sliding surfaces it is convenient to analyze the problem at a center of rotation

producing an average mobilized shear strength along the failure surface required
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to maintain equilibrium. The development of limit equilibrium force and moment
equations assuming no earthquake effects, line loads, tension cracks, or partial
submergence of the slope (Figure 2.17) is as follows:

Summation of forces in the y—direction for a slice gives:

W -8, sina.—Pcosa— (X, - Xg)=0 eq. 2.27

Where S,, = ((1,,,)= (¢ + (P-ul)tan¢’)/Fand rearranging equation 2.27 in terms

of P:

P

1l

(W _ C'lsino, N ultan¢’sino, —

= = X, —Xgq )j/ma eq. 2.28

where m, = (coso.+tan¢’sina/F)

Assuming no earthquake effects, line loads, tension cracks, or partial

submergence of the slope and solving the forces horizontally:
S Psina-Y (c?+(P-ul)tan¢’)/F+ 3 (E, -E_ )=0 eq. 2.29

The force equilibrium equation therefore is:
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_ Y (ct+(P-ul)tan¢’)cosa
f_ Y Psina+Y (Eg -E,)

eq. 2.30

where P is determined from equation 2.28 thus producing an iterative process of
solving for the safety factor. The summation of moments at the center of the base

of each slice gives the moment equilibrium equation as follows:

_ YR+ (P-u/Rtano’)
" Y Wx-YPf+Y (E.n-E,o0) eq. 2.31

The two equilbrium equations are independent of each other and will produce
two independent safety factors. The moment equation is considerably less

sensitive to the interslice force assumption (Graham 1984).

2.6.2.2 Spencer's Method of Slope Stability Equations

The Spencers method of slope stability analysis assumes that there is a

constant interslice inclination of 0 for the interslice forces Q where:

tan0 =X /E_ =Xi/Ey eq. 2.32

This assumption allows us to use X, - X =(E, -E, )tan6in equation 2.27. Both

the Frand Fn, equations are solved individually by varying 6 till both equations
produce the same answer. The relationship for each of the limit equilibrium

equations versus 6 were plotted by Fredlund andkKrahn (1977). A sample of
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Fredlund and Krahn's results are presented in Figure 2.18. As previously
mentioned, the moment limit equilibrium equation will produce a narrow banded
range of safety factors for varying 6, while the force limit equilibrium equation
produces a large band of safety factor results. The Spencer method of slope
stability analysis is incorporated into the slope stability analysis of this thesis

because of the planar nature of the two slides.
2.7 Seepage Modeling Using a Finite Element Model

The finite element method has been used in engineering for many years. Only
recently since the advancement of the personal computer, has the power of the
finite element approach been fully utilized. A finite element model approximates
numerical solutions for complex physical systems. The model is used to
approximate the response of a physical system subjected to external loading
(force, temperature, etc.) conditions. An example of an applied external condition

in terms of seepage analysis is infiltration or evapotranspiration.

There are four basic conditions that need to be satisfied in the finite element
method. They are as follows:

1. Equilibrium conditions (mass transfer)

2. Compatibility conditions (flow)

3. Soil property relationships — (ex. soil water characteristic curve,

hydraulic conductivity, etc.)
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4. Boundary conditions — (No flow boundary)

All these conditions need to be satisfied before physically representative

approximations to the response of a real system can be obtained.

The concept behind the finite element method is as follows:

1. Divide the domain into smaller sub-domains (triangular or rectangular
elements).

2. Define rules/relationships for the behaviour of each individual sub-
domain.

3. Apply external “loads” and then allow elements to respond or share
external loads between sub-domains as necessary until all four basic
conditions are satisfied.

4. Combine the response of each of the sub-domains to evaluate the bulk

response of the system.

While the approach of the finite element method is simple in theory, hand
calculations are tedious and time consuming. The nature of the finite element
method demonstrates the need for computers when constructing a model to
represent the behaviour of a physical system. Currently, there are several finite
element software packages that are designed to analyze seepage through soils.

Generally the packages are user-friendly and do not require much knowledge of
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the inherent mathematics used in the finite element method. The following
section outlines the form of FEM solutions for seepage analysis. Details of the
finite element method are not discussed in this thesis (see the Geoslope Seep/W

manual for further information)

2.7.1 Governing Equations for Finite Element Seepage Software

The governing equation used in two dimensional finite element seepage analysis,

in particular Seep/W, is a second order partial differential equation.

o(, oH) o oH d0
—|k, — |[+—| k,— [+ Q=— .2.33
ax[ "axj+ay( yBy}+ ot e

where:

k, =hydraulic conductivity in the horizontal direction
k, =hydraulic conductivity in the vertical direction

H =totalhead

Q =externalboundary flux

0, =volumetric water content

t =time

The above equation states that the rates of change in flow for both the x and y
direction (in addition to the applied boundary fiux) is equal to the rate of change
of the volumetric water content with respect to time. This is the definition for the

transient flow condition.
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As previously mentioned in section 2.1, the stress-state of saturated and
unsaturated soils depends on two stress-state variables, (o - uy) and (us - uy).
The Seep/W finite element software makes two assumptions in terms of these
stress-states. The first is that the soil is under a constant total stress. A change in
the total stress would result in a volume change and a change in the volumetric
water content. The second is that during transient analysis the pore air pressure
is atmospheric. These two assumptions create a constant (o - u,) term in the
stress state tensor, simplifying the mathematics that lead to equation 2.33. With a
constant u,, the change in volumetric water content of a sub-domain can be

related directly to the change in pore water:

29, =a,du, eq. 2.34

where a, is the slope of the hydraulic conductivity function with respect to soil

suction.

Total hydraulic head is defined by:

H=h_ +h, . eq. 2.35

where:

h, = hydraulic head, (m)
he = elevation head, (m)
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Equation 2.35 can redefined as:

H=e 1 eq. 2.36
solving for u, and substituting in equation 2.34 gives:
99, =a,v,9(H-h,) : eq. 2.37

Equation 2.37 can be simplified since the elevation is constant, resulting in the
derivative of elevation with respect to time being eliminated. Substituting the

simplified equation 2.37 into equation 2.33 gives the following equation:

d oH) 0 oH oH
—| Kk, — [+—|k,— [+Q= — . 2.38
ax( *ox )+ ay( Y oy )+ B ot e

Equation 2.38 is the partial differential equation that is used in the formulation of

the Seep/W finite element software (Geoslope Seep/W user manual).
2.8 Summary

This chapter has outlined the theories and methods that were used to examine

the failure of the PR 259 slopes. The background information presented in this
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chapter will provide the reader with the necessary background to understand the

methodology and analysis undertaken in this research project.
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Figure 2.01 Stress-state variables for an unsaturated soil (Fredlund and Rahardjo
1993).
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Figure 2.02 The capillary tube (Fredlund and Rahardjo 1993).
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(1964) versus measured AEV (Aubertin et al. 1998).
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K,

_'ol R » _loz

103



-6 T T T : T ¥ T
§ . TOUCHET SILT LOAM '

&l GE.3 1
4t
nE_3 |
98 predicted ~
"e - , 4
S
©.2
' 10+ .
JF . '
o] o‘ - . ‘l » R | 1
2 . ’
R R 400’ L ad 10"
SO hfem) o - hlem)

Figure 2.08 Observed (open circles) and calculated curves (sdlid lines) of the
hydraulic conductivity function for Touchet Silt Loam G.E. 3 (van Genuchuten
1980).
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Chapter 3

Site Conditions

3.0 General Overview of Site

The study area is located near the top of the Assiniboine Valley, 4 kilometers
Northeast of the town of Virden (MB). Two slope failures occurred in the spring of
1999 on a 3.4H:1V north-facing slope. It was initially thought that the movements
were the first cases of slope instability in the area. However, discussion with
local residents indicate past instability occurred roughly 30 years ago, most likely

immediately- or shortly-following construction of the highway.

Both the 1999 failures have shallow, bowl-shaped geometries, ranging in
maximum depth from two to four metres. The two failures are referred to as the
West Failure and East Failures. Generally the failure scarp is at or below the
crest and the failures exit above the toe. The geometry of the failures suggest a
combined sliding and rotational movement. Between the summers of 1999 and
2000, the two failures were repaired by Manitoba Highways to improve their

appearance. The West Failure was benched approximately mid-way up the slope
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(Figure 4.01), while the East Failure was simply reworked back to original grade

with no additional stabilization measures (Figure 4.01).

Since the slope repairs, both the “East” and “West’ have re-failed. The East
Failure moved again in the spring of 2000. The new movement of the East
Failure was approximately half the size of the original mass and approximately

the same depth (Figure 3.01).

The West Failure moved yet again after substantial rainfall during early July 2001
(Figure 3.02, Figure 3.03). There were some differences in vegetation cover that
outlined the new movement. From aerial photos taken after the slope failures, the
re-failed West Failure appears to be approximately the same size as the original
slope failure (Figure 3.04). The new movement produced a head scarp that
dropped vertically approximately 2-3 metres with numerous tension cracks along
the slope above the bench. The toe of the movement occurred at an elevation
just above the highway ditch and moved upwards approximately 2-3 metres in
height (Figure 3.05). During the new West Failure movements, several existing

standpipes were destroyed.

Before the failures, the study area was well vegetated with grass and a few
sporadic trees and tree patches. The surficial soil along the siope face is a clayey
silt loam with some weathered clay-shale and other gravel-sized debris including

rock fragments of igneous and metamorphic origin. The presence of
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sedimentary, igneous, and metamorphic lithology is evidence of glacial activity
within the study area. At and beyond the slope crest the surficial deposits consist

typically of glacial till that include clay- to boulder-sized material.

The drainage ditch along the highway showed no indication of groundwater
draining from the failed slope during the field investigation. This was most likely
due to the hot, dry weather during the time of and directly preceding the field
investigation. However, surficial water was noted midway up the slope at the
location of the reworked West Failure bench. Beyond the slope crest,
depressions produced by glacial activity showed evidence of water retention for

extended periods by the species, maturity and density of the vegetation.

Outside the study area, there are numerous failures within the Assiniboine River
Valley. The largest of these failure that occured along the PR 259 highway cut on
the east side of the main river valley, opposite to the location of the study area.
This major failure appears to be linked to a weathered clay shale unit with an
average strike of N39'W and an average dip of 18 degrees from horizontal taken
from a compass and inclinometer. This weathered clay shale failure is at present
still moving and is a significant threat to the operation of the highway. It appears
to be geologically dominated and not related to the study area on the west side of

the valley.
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One local failure that appears to be similar to the studied failures is located North
of PR 259 about 50 metres to the west of the study area. It is approximately the
same shape, size, and depth and is along the highway fill. The surficial material
at this failure is identical to the studied failures except for the lack of gravel-sized
debris. Due to the terrain and location of this failure it was not incorporated into

the research project (Figure 3.06).

3.1 Site Geology and Geomorphology

The geology at the location of the failures encompasses a complex geological
profile produced by several geomorphological processes. The study area is
located within the Souris Basin physiographic division near thé edge of the
Assiniboine River Valley. The local overburden material includes water-laid
glacial till, alluvium, lacustrine clays, and silts all deposited about 12,000 —

14,000 years before present (Klassen and Wyder 1970).

During the last glaciation, ice at its farthest extent covered a significant portion of
southwestern Manitoba, including the study area. A small area in southwestern
Manitoba occupied by the present day Souris River Valley remained free of ice
(Klassen 1975). At the time of glaciation, the present day Souris River Valley
was occupied by glacial Lake Souris (Figure 3.07). As the ice retreated, Lake
Souris expanded northward, terminating slightly north of the study area before

draining eastward. Upon further‘ retreat of the ice, the Assiniboine spillway
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channeled melt-water from glaciers in the north. The most recent glaciation
ended more than 14,000 years ago with the entire area being ice-free about
12,000 years ago. Comparing historic flows during lake drainage with today's
normal river conditions, the Assiniboine river is an under-fit river occupying a

larger valley than current flows could form.

Between Kamsack SK and Brandon MB, the Assiniboine Valley is trench shaped,
about 45 — 85 metres deep, and 1.2 — 2.4 km wide. Figure 3.08 shows a cross-
section of the Assiniboine River Valley at the approximate location of the failures.
The Assiniboine River Valley system in general is of glacial origin, evident
through the shape and position of valleys that are parallel to the regional slope
and ride over topographic highs. The valley, for the most part, was formed
before the last glaciation, during the Early Wisconsin age. There are several
locations along the river, including the study area, where the Assiniboine Valley
breaks away from the ancestral valley referred to as the Virden Valley (Figures
3.09, 3.10, 3.11). The Virden Valley where it coincides with the Assiniboine River
Valley, is evident through the nature, thickness and distribution of older fill
material underlying recent Assiniboine Valley sediments along the valley bottom,
walls and beneath certain terraces (Klassen and Wyder 1970). The study area is
located between the ancestral Virden Valley that lies to the west and the

Assiniboine Valley to the east.
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The bedrock geology in the vicinity of the study area is comprised of the Upper
Cretaceous Riding Mountain Formation. The Upper Cretaceous Riding Mountain
Formation consists of two members; the Odanah member and Milwood member
(Figure 3.09). The Odanah member consists of a hard gray siliceous shale.lt lies
beneath the study area and exists on the east side of the Assiniboine River
Valley with outcrops along the east valley wall which coincides with the large
shale slope movement previously mentioned. The Milwood member, consists of
a soft greenish brown bentonite silt shale and is located on both the west and
east of the study area. The Milwood member outlines the location of the
Assiniboine River Valley and the Ancestral Virden Valley due to its erodable

nature. The bedrock topography also outlines the two valleys (Figure 3.10)

Surficial deposits along the Assiniboine River Valley include till, glaciolacustrine
clay, silt, alluvium, colluvium, sand and gravel, and occasional bedrock outcrops.
Figure 3.11 shows a map of surficial deposits in the region (Betcher 1983). The
study area is in a transition zone consisting of glacial till and alluvium/colluvium
deposits. Aerial photos taken October 20, 1999 show several glacial topographic
features such as hummocky and kettle topography surrounding the study area. In
addition there is evidence of ice scours beyond the scarp of the study area.
Figure 3.04 consists of two aerial photos in stereoscopic position of the East and
West Failures. The soil profile at the study area incorporates varying geological

deposits produced by these varied geomorphological processes. However the
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shallow nature of the movements suggests that geological complexity does not

play a major role in the development of the failures.
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Figure 3.04 Aerial photograph of study area taken November 1999.
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Figure 3.06 Toe of failure north of PR 259.
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Chapter 4

Field Investigation

- 4.0 Introduction

Prior to the field investigation program, a preliminary site reconnaissance visit
was undertaken. A hand augered hole was drilled into the West Failure to obtain
grab samples for classification and to install a shallow staﬁdpipe (Appendix A:
Hand Augered Field Logs). Results from the initial reconnaissance were used to
develop a more-detailed investigation program that included two test pits and
four boreholes with piezometer installations. In addition to the test pits and
boreholes, a detailed survey of the site with a total station was planned. The
detailed field investigation was conducted in July 2000. A few weeks afier the
detailed field investigation, four additional hand augered holes were drilled

including three standpipe installations.
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4.1 Topographic Survey

The study area was surveyed with a TOPCON GTS-605AF total station. A local
coordinate system was established for Northings and Eastings while the
elevations were taken relative to a marker located by the local Department of
Highway and Transportation (MB) staff. Cross-sections of the site were selected
in order to create a topographic map of the study area using the Eagle Point
software application (Figure 4.01). The cross-sections were spaced
approximately at 10 metre intervals, with each cross-section commencing from
the centerline of PR 259 and ending beyond the crest of the slope. After all the
survey data was complied and inputted into Eagle Point, a topographic map

(Figure 4.01) and six cross-sections (Figures 4.02 — 4.07) were generated.

4.2 Hand Augered Holes

The preliminary investigation included an inspection on foot over the study area
and a hand-augered hole (A-1) to depth of 3.3 metres below ground surface.
(Figure 4.08). To further complement the drilling program, a day trip to the study
area was undertaken a few weeks after completion of field investigation to drill
four additional hand augered holes (A-2 to A-5) including installation of three
additional standpipes piezometers to betiter characterize the groundwater
conditions at the site. Figure 4.08 and Figure 4.09 show the soil profile

interpreted from the hand augered holes. Almost all of the hand augered holes
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were drilled approximately mid-way up the slope at or near the bench elevation.
The hand augered holes terminated at a depth of approximately 3.3 metres
below ground surface due to difficulties in drilling further. Field logs from the hand
- augered holes are included in Appendix A. Appendix B and C include the test pit
field logs and field borehole logs, while Appendix D has the borehole logs of the

hand augered holes, test pits and field boreholes.

The first hand augered hole was located 12.9 metres west of BH-3 at
approximately the same elevation (Figure 4.01). While BH-3 for the most part
consisted of silty clay, the hand augered hole, A-1, consisted of silty clay material
to a depth of 2.0 metres below ground surface. Below 2.0 metres, the soil profile
consisted of silty fine sand to a depth of 3.3 metres, which corresponds to the
bottom of the borehole. The differences between A-1 and BH-3 show how
variable the soil profile is within the study area. This difference in the first metre
of the soil profiles between BH-3 and A-1 is mosﬂy likely linked to the fact that
the slope was reworked. A-1 showed evidence of a watertable through sloughing
and free water in the cuttings. The watertable was estimated to be at a depth of
2.1 metres below groUnd surface. Below the apparent watertable, the extracted
samples were very soft and consistently sloughed in. Due to the nature of the
material below 2.1 metres, it is difficult to be confident that the extracted material
came from the bottom of the hole and was not material scraped off the walls of

the borehole. As previously mentioned, surficial water was also observed in the
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vicinity of A-1. This was the only location within the study area that surficial water

was evident.

On the day trip after the detailed field investigation, A-2 was drilled close to the
hand Augered hole, A-1. Hole A-2 was drilled to a depth of 3.8 metres, 0.5
metres below the bottom of A-1. For the additional 0.5 metres the soil consisted
of low plastic silty clay with some partially oxidized fine sand, and trace gypsum.
Free water was observed in A-2 but was significantly less than in the A-1 hole.
Hole A-2 was drilled close to A-1 to facilitate installation of a standpipe in the
coarse material. A standpipe enclosed with a filter sock was installed at a depth
of 3.8 metres in A-2. Slots were cut into the bottom 0.3 metres of the standpipe.
Water levels have been observed between 1.3 and 2.1 metres below ground
surface in this installation. Installation details for the standpipes are shown in

Figure 4.10.

The third hand augered hole, A-3 was drilled within 0.10 metres of BH-1. The soil
profile was not logged for this hole. The purpose of re-drilling at this location was
for installation of a standpipe. The standpipe installation was similar to the
installation in A-2. A standpipe enclosed with a filter sock was installed to a depth
of 3.8 metres in A-3. Slots were cut into the bottom foot of the standpipe. A
standpipe installed at 4.9 metres depth has shown no readings as of August 1,

2001. A detailed illustration of the standpipe installation is given in Figure 4.11.
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The fourth hole (A-4) was hand augered approximately 12.9 metres west of BH-3
and 7.7 metres up from A-2 along the slope. The first metre of the soil profile
consisted of a silty fine sand with trace medium sand to coarse gravel. In
addition, there were trace organics, gypsum, and oxidation. Below the upper
layer, the soil consisted of silty clay with trace fine sand to coarse gravel. The
coarser material consisted for the most part of clay shale. The clay layer was low
to medium plasticity to a depth of 2.1 metres. At this depth the plasticity of the
clay reduced to low plastic in nature to the bottom of the hole at a depth of 3.4
metres. There was evidence of the watertable at a depth of 2.1 metres below
ground surface where there was an evident change in plasticity due to the
increase in water content. As with the other hand augered holes, a standpipe
was installed to a depth of 3.1 metres below ground surface. Water levels have
been observed between 1.1 and 1.8 metres below ground surface in this
installation. A detailed illustration of the standpipe installation is given in Figure

4.10.

The last hand augered hole, A-5 was drilled approximately 7.5 metres up from
BH-3 along the slope. The soil profile consisted of intermittent layers of silty fine
sand and silty clay. As well, throughout the entire profile there was trace fine
gravel. The hand augered hole A-5 was cut short due to a boulder/cobble

encountered at a depth of 2.0 metres below ground surface.
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4.3 Test Pits

Two test pits were excavated mid-way up the slope with a backhoe mounted on a
front-end loader. Test pit 1 (TP-1), just west of the East Failure, was in intactA
(unfailed) material, while Test pit 2 (TP-2) was excavated in slide material within
the East Failure (Figure 4.01). Field logs for the two test pits are included in

Appendix B, while Appendix D has the borehole logs of the test pits.

Test pit 1 was excavated to 5.0 metres depth (Appendix B: Test Pit Field Logs,
Appendix D: Borehole Logs, Figure 4.12a, 4.12b). The profile comprised silty clay
material of low to medium plasticity with a blocky/friable structure. Some clay
shale and fine sand was encountered at a depth of 3.4 metres. A possible failure
surface was identified at approximately 2.7 metres depth. The failure surface was
interpreted from material retrieved by the backhoe but was not visible in the walls
of the pit. The failure surface dipped at 15 degrees from horizontal, which roughly
matched the inclination of the ground surface (~17°). Below 3.4 metres, the silty
clay became significantly slickensided, with several distinct failure planes being
evident. The plasticity also increased from low-medium to medium plasticity, with
additional evidence of free water. Since Test pit 1 was outside the zone of failed

material, the presence of failure planes suggests past movements.

In Test pit 1, block samples were taken at 1.5 and 2.5 metre depths for laboratory

use. Block samplers allow for retrieval of large volumes of intact material (44 cm
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X 22 cm x 22 cm) with minimal disturbance to the majority of the sample
(Domaschuk 1977). The block sampler used at the University of Manitoba is a
thin-walled rectangular tube that is pushed into the soil, in this case, using. the
bottom of the backhoe bucket. The end walls of the block sampler are reinforced

to prevent damage while pushing.

Test pit 2 showed a similar soil profile, although with greater variability near the
surface than the profile in test pit 1 (Appendix B: Test Pit Field Logs, Appendix D:
Borehole Logs, Figure 4.13). This variability was likely caused by slope re-
grading. Test pit 2 was excavated to a depth of 3.8 metres. A slickensided
surface was visible on the walls and bottom of the Test pit at a depth of 2.9
metres (Figure 4.14). The appearance of the failure surface on the west wall was
a lighter gray than the soil above and below (Figure 4.15). On the east wall of the
test pit, the failure surface was significantly slickensided, oxidized with a
blocky/friable structure (Figure 4.16). The failure surface dipped at approximately
22 degrees from the horizontal. A block sampler was pushed at 2.7 metres depth
to capture a large specimen that included the failure surface. After extruding the
block sample in the laboratory, an additional failure surface was found at 3.1
metres depth. The failure surface at 3.1 metres was more distinct and visible

than the slip surface at 2.7 metres.
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4.3.1 In-situ Suction Profile

A Quickdraw tensiometer’ (Figure 4.17) was used to measure matric soil suction
in the Test pits every 0.5 metres below ground surface until a zero suction
reading was obtained. A tensiometer is a hand-held instrument used to measure
suction with a high-air-entry ceramic stone tip attached to a hollow metal tube
filled with water (Figure 4.18). Attached to the other end of the metal tube is a
vacuum gauge calibrated to read in kPa. When the instrument’'s ceramic tip
comes into contact with. soil, water is drawn out of the hollow metal tube, thereby
causing a vacuum (matric suction) that is measured by the gauge (Krahn et al,
1989). Prior to the detailed field investigation, the Tensiometer was calibrated
- using a manometer sét-up capable of generating negative pore water pressure
up to 40 kPa. Figure 4.19 shows the variation of tensiometer readings with depth
in the two test pits. Suctions decreased from approximately 75 kPa (0.5-1.0

metres depth) near the surface to zero at 2.0 — 2.5 metres depth.
4.4 Boreholes and Standpipe Installation

The first borehole (BH-1) was drilled from the top of the slope to a depth of 24.4
metres (Figures 4.01, Appendix D: Borehole Logs). The other three boreholes
(BH-2, BH-3, BH-4) were drilled to 5.2 - 7.2 metres depth long the location of the
re-graded West Failure. Standpipes with Casagrande tips were installed in each

hole. Figure 4.09 shows the soil profile with depth interpreted from all boreholes

'"The Quickdraw tensiometer was purchased from Soilmoisture Incorporated, Santa Barbara, California
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and some of the hand augered holes, while Figure 4.11 illustrates the associated

standpipe installations.

Borehole BH-1 was used to give an overall understanding of the local geology
below the depth of the shallow failures. The first 2.5 metres consisted of silty clay
material with organics, boulders, and cobbles decreasing with depth. Between 1
metre and 2.5 metres depth, the soil was blocky/friable in nature. Several fracture
surfaces were encountered from 1.2 - 1.6 metres below ground surface. Along
these fractures, traces of fine sand, organics and gypsum with significant
oxidation were noted. A hollow stem auger bit was used for this hole but due the
presence of cobbles and boulders, which made it difficult and hearly impossible
to drill, the auger bit was switched from hollow to solid stem for the remaining
depth. Using a solid stem auger eased the drilling process, but made it difficult to
be accurate when recoding the soil profile. The transition between the two types
of auger bits left a section of the soil profile un-logged. For the remaining depth,
the material ranged between medium plastic silty clay to silty fine sand. This is
thought to be a combination of deposits from glacial Lake Souris and the buried
Virden Valley (or the Assiniboine spillway)(Figures 3.07, 3.08 3.10). No free
water or watertable was encountered. A standpipe installed at 4.9 metres depth

showed no groundwater readings up to November, 2001.

Borehole BH-2, was drilled to a depth of 5.2 metres (Appendix D: Borehole Logs,

Figure 4.01 for location). The material in the initial 1.5 metres consisted of a
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clayey silt loam with trace fine sand and coarse gravel. Shelby tubes were used
to collect samples for the remaining depth. After extruding material from the
Shelby tubes in the laboratory, the soil profile from 1.5 metres to 4.6 metres was
found to be a mix of silty clay of medium plasticity. The silty clay, for the most
part, was firm to stiff in nature with a blocky/friable structure. There was evidence
of two slip surfaces, one at 3.7 metres and the other at 3.8 metres (Figure 4.20).
Both slip surfaces were in-filled with fine sand with trace oxidation and organics
showing evidence of water movements along the fractures. The failure planes
were slightly blocky/friable. Below 4.6 metres, the stratigraphy consisted of water
bearing silty fine sand with trace of fine gravel. A standpipe was installed to a
depth of 5.2 metres below ground surface. Water levels have been observed
between 2.5 and 3.5 metres below ground surface in this installation. A more
detailed description of BH-2 and the standpipe installation is included in

Appendix C.

Borehole BH-3 was drilled to a depth of 7.6 metres (Appendix D: Borehole Logs).
The first metre consisted of low plastic silty clay loam with small fissures. Below
1.0 metre depth, the profile showed silty clay of medium to high plasticity with
fissures, as well as numerous failures with a slightly blocky/friable structure. For
the most part, the failures are slickensided in nature or in-filled with fine sand and
traces of gypsum (Figure 4.21). Some of the in-filled fine sand was oxidized.
Most fractures dipped at roughly 20° to 24° from horizontal, with the remaining

fractures being horizontal. A standpipe installed in BH-3 showed no evidence of
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water up to November, 2001. A more detailed description of BH-3 and the

standpipe installation is included in Appendix C.

BH-4 was drilled to a depth of 6.0 metres (Appendix D: Borehole Logs). The top
layer of the soil profile consisted of silty clay loam to a depth of 0.5 metres.
Underlying the silty clay loam, the soil consisted of fine sandy silt tb a depth of
6.1 metres, which corresponds to the bottom of the test hole. At times the soil
unit was varved or laminated in nature with traces of oxidation. A standpipe
installed to 6.0 metres below ground surface showed no evidence of water as of
November, 2001. A more detailed description of BH-4 and the standpipe

installation is included in Appendix C.

Several field measurements were taken at the ends of the samples contained
within Shelby tubes. Torvane and pocket penetrometer readings were obtained
at selected depths (Figure 4.22, Figure 4.23). Several readings obtained by the
pocket penetrometer were beyond the range of the instrument. In general the
pocket pentrometer and torvane results classify the soil as stiff to very stfff in

nature.
4.5 Summary

Plotting a cross-section of the borehole information showed, as expected, that

the soil profile was highly variable. In particular, the logs from BH-2, BH-3 BH-4
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and the hand augered holes do not correspond well with information from BH-1.
Groundwater measurements were also variable, with only some standpipes
(including borehole and hand augered installations) showing evidence of water in
the slope. The variability in the boreholes confirms the complex nature of the

deposits and geomorphological processes that formed the area.

The soil profile observed at all boreholes and hand augered holes displayed little
compatibility. However, there are roughly 4 major units that can be interpreted
from the observed soil profile. They are as follows: (1) a near surface clay layer
with a weathered zone, (2) a silty fine sand seam below the clay from the crest to
approximately mid-slope, (3) a unweathered layer beneath the weathered zone
and the silty fine sand seam and (4) a silt/fine sand layer beneath the clay layer

at a considerable depth relative to the slope failures.
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Figure 4.16 Possible failure on east wall of Test pit 2.
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Figure 4.20 BH-2-5 - fracture at a depth of 3.71 metres below ground surface.



Figure 4.21 BH-3-6 — slickensided fracture at a depth of 3.81 metres.
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Chapter 5

Laboratory Testing

5.0 Introduction
The laboratory testing component of the project consisted of traditional soil
classification tests, flexible wall permeameter tests, triaxial tests, and direct shear

tests to determine parameters required for numerical modeling.

5.1 Soil Classification

In total, over 30 classification tests were performed on material retrieved during
the field investigation. Tests included Atterberg limits, average specific gravity,

hydrometer, and sieve analysis. In addition, water contents were taken for most

of the soil samples.
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~ 5.1.1 Atterberg Limits and Moisture Contents

Atterberg limits (ASTM D 4318) classify the behaviour of a soil based on index
properties termed the plastic and liquid limit, Atterberg limits do not give a direct
measurement of strength or compressibility. They are however useful as an
indicator of soil behaviour and the assoéiated strength and compressibility. The
best way to classify soil is to plot the Atterberg limits on a plasticity index versus
liquid limit plot referred to as the Plasticity Chart (Figure 5.01). Soil from the
study area ranges from low plastic to high plastic clay (Figure 5.01) with a few
medium to high plastic silts/organics samples lying below the A-line. Most of the

samples classified within the medium plastic clay range.

Moisture contents ranged from 20 - 40 % for almost all samples retrieved from
the study area. Referring to the borehole logs (Appendix D) the moisture
contents are at, near or just below the plastic limit producing in general very stiff
material. The majority of liquid limits ranged between 50 - 60 %, while the
majority of plastic limits ranged between 18 - 30%. The plasticity index, which is
simply the difference between the plastic and liquid limits, ranged between 20 -

40 % for the majority of the samples, representing intermediate plasticity.
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5.1.2 Specific Gravity

A total of eleven specific gravity tests (ASTM D 854) were performed on
~Specimens retrieved from BH-1, BH-2, BH-3. The specific gravities ranged from

2.69 t0 2.74 with an average specific gravity of 2.70.

5.1.3 Grain Size Determination

The grain size distribution of a soil is another tool geotechnical engineers use to
classify soils and predict their behaviour. Determining the grain size distribution
involves two independent testing methods for fine and coarse fractions. The first
method is referred to as mechanical sieve analysis (ASTM D 422). The sieve
analysis determines the percent distribution of coarse particles from fine sand to
cobbles using specified sieve size intervals. The finer particle size distribution is
determined by a hydrometer test (ASTM D 422). The hydrometer tests
determines the percent distribution of finer soil particles. The two sets of percent
distributions are combined into a total grain size distribution. Once the grain size
distribution is known it can be used to verify and alter the field descriptions of the

soil interpreted by field personnel.
In total, 34 grain size distributions were performed on soil retrieved from the

study area. The grain size distributions were used to verify the field classification

completed during drilling and were used to determine the AEV for the soil
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(Section 2.3.2). The grain size distributions verified that the site was
heterogeneous and was predominantly a “till-like soil”. The till-like soil grain size
distribution is especially evident in BH-2 (Figure 5.02, Appendix E: Grain Size

Distribution).

5.2 Flexible Wall Permeameter Tests

Since the influence of rainfall infiltration combined with groundwater fluctuations
was considered a key relationship for analyzing the instability of these slopes,
hydraulic conductivity of the material was measured using six flexible wall
permeameter tests (ASTM D50 84 —90). Tests on samples from shallow depths
of 1.7 metres to 4.4 metres produced results ranging from 5.6 x 107"° m/sec to

3.7x 10" m/sec.

Hydraulic conductivity of this low magnitude would not facilitate rainfall infiltration.
The hydraulic conductivity results represent the permeability of intact specimens
under imposed stress conditibns (confinement) necessary to run the test. As
discussed in the previous chapter, to an approximate depth of 2.5 metres the soil
profile consists of a blocky/friable structure with, at several locations, fractures
and fissures. This structure suggests a weathered zone due to frost action and
drying/wetting cycles that would produce a higher bulk permeability allowing
increased infiltration consistent with a suction dissipation mechanism. Several
authors have studied the effect of weathering on intact samples. Shaw and Henry

(1998) compared field and laboratory permeability results in oxidized (weathered)
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and unoxidized clay till. Their field slug test results on unoxidizied clay till were in
the magnitude of 5.4 x 10™"" m/s, which correlated with their laboratory results of
2.7 x 10" m/s. As for the oxidized clay till, the permeability results were
Substantially different from slug results on the unoxidized clay till. The slug tests
on the oxidized till, produced hydraulic conductivities between 6.5 x 10710 1.3 x
10® m/s. That is a permeability increase between 160 and 320 times. Viklander
(1998) subjected till specimens to 10-18 freeze-thaw cycle in a laboratory
environment increasing the permeability close to’two fold. The limited amount of
freeze-thaw cycles resulted in a small change in permeability. Both of the papers
showed significant increases in permeability in clay till due to weathering and

freeze/thaw cycles.

5.3 CIU Triaxial Tests

In total, seven isotropically consolidated undrained triaxial compression tests with
pore water pressure measurement ( ClUtests) were performed on Shelby-tube

samples from BH-2 and BH-3. In addition to the seven CIU tests, two drained

triaxial tests were performed on specimens retrieved from BH-2.

Testing procedures followed ASTM D 4767. Due to the shallow nature of the
slides, relatively low effective stresses of 70, 130, 150, 190 kPa were selected for
the confining pressures. The specimens were 71.1 mm in diameter which

corresponded to the diameter of the Shelby tubes. As a result of the stifiness and
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gravel content in most of the samples, trimming to a smaller diameter for testing
was avoided. Lengths (heights) of the specimens ranged from 108 to 128 mm.
Figure 5.03 shows well-developed conjugate failure planes in specimen BH-3-8

following shearing.

The stress-strain behaviour of the soil retrieved from the study area was, for
almost all the samples, non-linear in nature. Figure 5.04 shows deviator stress
versus axial strain plots for all the triaxial specimens tested, including the two
drained tests. All peak strengths of the undrained samples leveled off before 4%
axial strain, ‘with a limited number of specimens exhibiting a small amount of
strain hardening. Figure 5.05 shows the deviator stress versus mean stress
behaviour for all triaxial tested specimens with the circles identifying the test end
points. All of the undrained triaxial samples exhibited anisotropic elastic

behaviour visually evident through the non-vertical stress paths in q, p” space.

All results for the ‘critical state’ (normally consolidated) strengths of the CIU
specimens produced ¢’ values that deviated widely by +8 degrees over a 1 50
kPa range of confining pressure. A linear best-fit line produced ¢n= 22.3°
assuming ¢’nc = 0 (cohesion was close to zero when the interpreted failure
-envelope was not forced through the origin, Figure 5.06). Five of the seven
specimens showed results that were within two degrees of the best-fit line. The
®'nc parameter was chosen due to the blocky structure of the material. Rivard and

Lu (1978) demonstrated that the ¢®’nc more appropriately defines the shear

69



strength at the Shellmouth Dam upstream of the study area along the
Assiniboine River, as opposed to ¢’oc. An average value of ¢'nc Was selected
since the material itself is highly heterogeneous and failures can be expected to

develop when ‘averaged’ shearing resistance has been generated.

5.4 Direct Shear Tests

To verify the triaxial test results, seven direct shear tests were performed on
samples retrieved from the study area. Six specimens were trimmed from
samples extracted from Shelby tubes from BH-2 and BH-3, while the remaining

specimen was trimmed from one of the block samples retrieved from Test pit 1.

Trimming a block sample into a useable, undisturbed direct shear sample was
very difficult due to the blocky/friable nature of the material and the awkward size
of the block sample. A diamond bladed table saw that is usually used to cut
concrete was used to cut the block sample since the sample contained some
gravel size particles. The block sample was first tightly wrapped in duct tape to
- add confinement prior to cutting. This confinement reduced the amount of
disturbance to the sample during cutting. However, even with the confinement,
the sample was subjected to a substantial amount of disturbance. After cutting
the sample into a workable size, it was placed in a hydraulic press apparatus
where the direct shear cutting shoe was inserted into the workable sample. In the

end, the test pit specimen results did not compare well with the direct shear
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results from the borehole samples. The difference between the two sets of
results could not be distinguished between sample disturbance or material
differences. The lack of confidence in material differences lead to the results from

the block sample being discarded due to sample disturbance.

The direct shear testing procedure followed ASTM D 3080. The samples were
tested at vertical pressures that partially overlapped the lower range of confining
pressures used in the triaxial tests. This was done to extend and verify shear
strength parameters determined in the triaxial test results. The vertical stresses
used in the direct shear tests are as follows; 30 kPa, 60 kPa, and 90 kPa. As with
the samples used in the triaxial test apparatus, the direct shear samples were
only slightly trimmed. The specimens were 70.9 mm in diameter, which is 0.2 mm
smaller than the diameter of the Shelby tubes. The small amount of trimming was
required in order to produced a circular specimen required for a snug fit in the-

shear box. The average height of the direct shear samples used was 28.3 mm.

The six samples retrieved from BH-2 and BH-3 correlated well with the triaxial
results. Figure 5.07 shows results for residual strength envelopes. The first best-
fit envelope with a slope of 0.48 is for all six tests. It is clear that one of the 90
kPa normal stress points can be considered an outliner. When this is neglected,
a best-fit envelope with a slope of 0.38 is obtained based on the remaining five
pertinent points. The two shear strength envelopes correspond to internal

residual friction angle (¢:) of 25.7°, and 20.9° respectively. The second shear
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strength envelope is comparable to the shear strength results from the triaxial

tests of ¢'ne= 22.3° adding further confidence to the results from the triaxial test

program.
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Figure 5.03 A example of a failure plane developed under undrained triaxial
conditions.
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Chapter 6

Integrated Seepage and Slope Stability
Modeling

6.0 Introduction

Integrated seepage and limit equilibrium slope stability analyses were used to
model the failures at PR 259 using the results of the field and laboratory
investigations. The modeling was performed using the Seep/W and Slope/W
products from GeoSlope International (Calgary, AB). The modeling included a
preliminary analysis using steady-state conditions. The preliminary study used
one soil type with averaged soil properties. The analysis was later extended to a
more detailed and representative transient analysis, an approach which is
believed to be unique in Manitoba and forms the principal original component of
this thesis document. The transient model incorporated four soil types and
associated soil properties. Due to the heterogeneity of the site, most parameters
used in the integrated transient analyses were averaged within a soil type for

simplicity.
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6.1 Preliminary Integrated Model

Preliminary analysis was performed to better understand the mechanisms and
soil/water conditions affecting stability and to ensure that the complexity of the
model was within the limits of the author's understanding of the problem. The
preliminary analysis provided evidence that the dissipation of soil suction due to
a rainfall infiltration was most likely the mechanism that triggered failure. The
results were sufficiently interesting that they were presented to the 54" Canadian

Geotechnical Conference in Calgary in 2001 (Ferreira et al. 2001).

With a better understanding of the site/water conditions and the behaviour of the
slope, a detailed transient model was then constructed to further confirm the

results from the preliminary analysis and verify the postulated failure mechanism.

6.1.1 Seep/W Modeling

The geometry used in the preliminary Seep/W analysis was taken from the
measured cross-section E-E in Figure 4.06. The element size in Seep/W was
generally 1 m? or smaller. Figure 6.01 illustrates the finite element mesh for the
Seep/W analysis. From the laboratory tests, an average hydraulic conductivity of
K=21x 10" m/s was used for the conductivity function when pore water
pressures were positive (higher than atmospheric). When pore water pressures

were negative (lower than atmospheric), the hydraulic conductivity was reduced
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by two orders of magnitude over a suction range of 0.5 kPa. The boundary
conditions included a ‘no flow' boundary along the bottom of the domain, two
constant head boundaries at the left boundary and right boundary of the domain,
and one variable flux boundary reviewed by elevation along the slope face. The
variable flux boundary was incorporated into the model to allow water to exit the
domain along the slope face as required. Three seepage cases were analyzed.
Each case involved different assumptions regarding the head boundary condition
at the left side of the model. The head boundary condition at the toe of the slope

beside the highway ditch was held constant.

The first case (Case 1) modeled the groundwater conditions during a three-
month period from August 2000 to October 2000 when water levels had been
measured in the field. A head condition at the left boundary (crest of the slope) of
4235 metres above sea level produced model results that were close to the
measured water levels (Table 6.01). The other two cases simply increased the
head condition on the left boundary by 0.75 metres and 1.5 metres respectively.
These three cases were chosen to bracket physically representative groundwater
conditions during the normal operating condition of the slope. All three cases

were modeled assuming steady-state flow conditions.
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6.1.2 Slope/W Modeling

Results from the preliminafy Seep/W modeling were imported into Slope/W using
the same geometry (Figure 6.02). The data file of heads computed by Seep/W
was used by Slope/W to calculate pore water pressures at the base of each of
the slices in the limit equilibrium analysis. The parameters used in Slope/W were
averaged values from laboratory results; ¢’y = 0, 'ne= 22°, and ypux = 19.6
kN/m®. When incorporating suction, ¢° (the material parameter that describes the
increase in strength with suction) was taken as 0.5 x ¢, as a lower limit. This
assumption will produce conservative results (lower contributions) for suction
less than the air entry value. Vanapalli ef al. (1996) suggested that q)b = ¢ up to
air entry (Vanapalli et al. 1996). The upper limit for the slope stability analysis
used ¢° = ¢. The Morgenstern-Price method (1965) was used in the stability
analysis with a constant interslice force inclination function (6 = constant, which

gives Spencer’s solution 1967).

For modeling, a fully-specified slip surface was defined based on information
gathered from the field regarding the position and shape of the observed failure
‘surface (Figure 6.02). The location of the slip surface was known from BH-1 and
BH-2, but less obvious in BH-3 due to numerous fracture surfaces that were
observed (Figure 6.02, Appendix D: Borehole Logs). For the fully-specified failure
surface, the position of the toe of the failure was determined using aerial

photographs, which showed toe movements just above the highway ditch (Figure
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3.04). Since the failure was shallow, the centre of rotation for the Slope/W model
was located far away from the slope face to produce stable, numerically-accurate

results.

For each of the three groundwater conditions mentioned in section 6.1.1, three
additional suction conditiohs were incorporated into the model: 1) suctions
measured by tensiometer (Figure 4.19), 2) suctions calculated by Seep/W, and
3) a ‘no-suction’ condition. These suction distributions are illustrated in Figure

6.03.

In order to incorporate tensiometer suctions into the mbdel, the authors made
adjustments to the Seep/W output head file (This is also an original contribution
to slope analysis in Manitoba.). The preliminary Seep/W model produced results -
that were lower than the measured suction values due to the lack of a defined
flux boundary along the slope (Wilson et al. 1994). A macro was set up using
Visual Basic to adjust all suction values at nodal points in the unsaturated zone
by a scale factor. Suction values for nodes more than 2 metres above the water
table were limited to 80 kPa based on measurements taken at the site (Figure

6.03). The final suction profile for all three cases are shown in Figure 6.03.
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6.1.3 Results from the Preliminary Model

The preliminary integrated Seep/W and Slope/W modeling produced results
showing the impact of matric suction on factor of safety. Results from the

integrated Seep/W and Slope/W model are summarized in Table 6.02.

Results in Table 6.02 with ¢° = 0.5 x ¢'nc for measured water conditions (Casel)
show that the factor of safety is greater than unity for all three suction profiles
examined. As the groundwater elevation is increased (Case 2 and Case 3) the
factor of safety decreases as expected. A value of unity, that is, a prediction that
failure will occur, was calculated for the case where the groundwater elevation
was 425.0 metres at the left boundary of the model and suction was taken as
zero above the water table. At this groundwater level, incorporating the suction
profile generated by Seep/W provided a 4 % increase in the safety factor. Using
the measured suction profile increased the factor of safety by 16 %. In the case
incorporating the measured matric suction profile, the suction component showed
stable conditions for the specified hydraulic boundary conditions representing
typical operating conditions for the slope. In other words, according to the model,
the slope would have failed in the past had it not been for the suction contribution
to strength in the unsaturated zone. When the slope was analyzed for ¢° = O'ne
the increase in factor of safety was roughly twice as much as for the d)b = 0.5 x
¢’nc case. A fully saturated case with groundwater level coincident with the

ground profile was performed and compared to hand calculated results for an
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infinite slope analysis. Both cases produced safety factors of approximately 0.75.
These results mean that the slope cannot be stable with phreatic surfaces at the

ground surface.

Results from the integrated model showed that during dry conditions, the
highway cut was stable. During wet conditions, the slope could also remain
stable but only with the stabilizing contribution of matric suction. The slope angle
(~17°) is close to the friction angle of the material (22°) and requires cohesive
strength during wet periods to remain stable. The preliminary models
demonstrate that during typical wet conditions, suction in the unsaturated zone
contributes significantly to the stability of the slope. This preliminary analysis
determined that matric suction significantly contributes to the stability of the
highway cut. In order to verify that failure was triggered by a dissipation of
suction, the model needed to be improved to demonstrate that the actual

measured rainfall would in fact reduce suctions to zero.

6.2 Integrated Transient Model

The transient analysis was undertaken to extend the understanding of the failure
mechanism determined in the preliminary analysis by determining if the rainfall
from 1999 would cause dissipation of soil suction. This model was targeted to
improve the understanding of the influence of rainfall duration and intensity in

terms of dissipation of soil suction. Results of the time-dependent analysis show
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how the characteristics of the environmental flux boundary condition contribute to

the rate and magnitude of suction dissipation.
6.2.1 Transient Seepage Analysis

An integrated transient seepage analysis was constructed and calibrated to best
represent the soil/water conditions that existed in-situ. After calibration, using the
water levels from April 1 to November 1 for both 1998, and 1999 and the
measured suction profiles, the results were incorporated into the stability
analysis. The results for both years and the calibration year (2000) were
incorporated into Slope/W to evaluate the stability of the highway cut during

these times.
6.2.1.1 Construction of Seep/W Transient Model

The transient Seep/W model included four soil layers interpreted from the field
logs and laboratory specimens. The domain of the detailed Seep/W model is
shown in Figure 6.04. The layers are as follows in descending order from the
slope face down; a weathered clay layer, a water bearing silty fine sand seam, an
unweathered intact clay layer, and a silt/sand layer. As with the preliminary
model, the transient model used a cross-section through the location of the
boreholes (Figure 4.01, Cross-section E-E). The finite element size was

generally 1 m? or smaller. To satisfy compatibility, triangle and squares (or close
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to squares) were used for the element geometry. The finite element mesh used

in the transient Seep/W model is illustrated in Figure 6.05.

The weathered clay layer was incorporated into the transient analysis because of
the blocky/friable nature of the upper soil material. The thickness of the
weathered zone is consistently three metres in depth along the weathered-
unweathered clay interface. The weathered-unweathered interface occurs below
the silty fine sand seam approximately mid-way up the slope to the highway
pavement edge (Figure 6.04). From the toe of the slope to the higvhway
pavement, no clay was encountered during the field investigation (BH-4). Since
the two slope movements occurred above the toe, the effect of a clay layer
beyond the toe is negligible and is only included in the model for completeness.
A weathered zone to a depth of three metres is consistent with the blocky/friable
nature observed in soil samples and the potential depth of frost action and
drying/wetting in Manitoba. From the crest of the slope to above the day-lighting
silty fine sand seam, the weathered clay layer is equal to the difference between
the elevation of the slope face and the location of the top of the silty fine sand
seam. It is suspected that water flowing laterally through the silty fine sand seam
weathered the above clay layer from below creating a weathered zone deeper

than the potential depth of frost action.

The location of the water bearing silty fine sand seam was determined from field

observation made in BH-1, BH-2, A-5, A-4, A-1 (Appendix E: Grain Size
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Distributions, BH-2-7). Standpipes installed in BH-2, A-4, and A-1 all produced
water. Hand augured holes A-1 and A-4 were not drilled within cross-section E-E.
A-1 was drilled approximately 13 metres along the slope from BH-3 (Cross-
section F-F, Figure 4.01, Appendix D: Borehole Logs). Both BH-3 and A-1 were
drilled on top of the reworked West Failure bench (Cross-section E-E, Figure
4.01, Appendix D: Borehole Logs). The soil profile in BH-3 showed no evidence
of a sand seam, while A-1’s soil profile included a water bearing silty fine sand
seam. This discrepancy could not be correlated to natural in-sity heterogeneity or
the fact that significant activity and soil movement had occurred in the vicinity of
the two holes during construction of the stabilizing bench. Given that the location
of the silty fine sand seam corresponded reasonably well with BH-2 and A-5, the
silty fine sand seam was included at the location of BH-3. Reinforcing this
assumption is the fact that during the preliminary field investigation, the
stabilizing bench was fully saturated with surfical water. Saturating the stabilizing
bench to this degree would only be feasible by a near surface, high permeability

soil and not medium plastic clay soil as observed in BH-3.

Hand augured hole A-4 (Cross-section F-F, Figure 4.01) was drilled
approximately 13 metres along slope from A-5 and included a piezometer
installation that produced water. The soil profile at A-4, below two metres to the
end of hole, consisted of silty clay with a significant amount of fine sand. Since
the hand augured hole A-5 was terminated prematurely due to a cobble/boulder

before a possible water table could be reached, water levels measured in A-4
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were assumed to be the same at A-5. Water levels at A-4 could be assumed to
be the same at A-5 because the hydraulic conductivity of the silty clay with fine
sand determined from field slug tests was within the same magnitude as slug test
results from BH-2. Having similar hydraulic conductivities would result in

relatively similar phreatic surfaces.

In BH-1, the silty fine sand seam was first observed at three metres depth and
was slightly over 1.75 metres thick. Figure 6.06 is a photograph of the silty fine
sand seam taken after the West Failure re-failed in early July 2001. At the other
borehole and hand augured hole locations, the thickness of the silty fine sand
seam could not be determined as the boreholes and hand augured holes
terminated within the silty fine sand seam. A thickness of 1.75 metres for the silty
fine sand seam was used for the transient model. The silty fine sand seam
between BH-2 and A-1 was for the most part horizontal. In the transient Seep/W
model, the sand seam was assumed to be horizontal for simplicity. The sand
seam was assumed to be inclined between BH-1 and 2.5 metres before BH-2
(Figure 6.04). The location where the inclination of the silty fine sand seam
terminated was not known. Terminating the inclined sand segment at, or near
BH-2 would have a significant impact on water levels measured at BH-2. The
inclined portion of the silty fine sand seam was terminated a few metres before
BH-2 because measured water levels at BH-2 were only slightly higher than
water levels measured at A-4 suggesting little influence from the inclined

segment of the silty fine sand seam.

83



In the transient model, the intact unweathered clay underlies the sand seam from
the crest of the slope to approximately mid-slope. From mid-slope to the highway
pavement edge, the intact unweathered clay underlies the weathered clay layer.
Based on information gathered from BH-1, the intact clay layer terminates at a
depth of 22 metres below the crest near the left boundary of the domain (Figure
6.04). The termination depth of the intact clay at the right hand boundary was
determined from a field investigation performed by A. Dean Gould and
Associates. Their report is included in Appendix F. Mr Gould's field investigation,
particularly test hole 10, has the intact clay layer terminating at an elevation of
402.16 metres where a silty/sand layer begins. Test hole 10 was drilled at the toe
of the slope, approximately 10 metres west of Cross-section F-F (Figure 4.01).
The elevation of the bottom of the intact clay layer at the right boundary also
corresponds to a water table observed by A. Dean Gould and Associates.
Beneath the intact clay to the bottom of the domain, a silt/sand soil layer was

observed in BH-1 and in A. Dean Gould and Associates test hole 10.

6.2.1.2 Soil Properties

For Seep/W to perform a transient analysis, the specified properties of each soil
layer need to include a soil water characteristic curve (SWCC) and associated
hydraulic conductivity function. The SWCC for all the soil types retrieved from the
study area was determined using the modified Kovacs method, while the

associated hydraulic conductivity function was estimated using van Genuchten
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method. Both of these methods were presented in detail in the literature review
chapter, Chapter 2. The chosen SWCCs and hydraulic conductivity functions are

presented in Figures 6.07, 6.08, and 6.009.

The nature of the material retrieved in the top two to three metres of the slope
suggested a weathered and desiccated zone due to infiltration, root action, and
freeze/thaw cycles. The upper three metres of soil warranted a separate soil
layer to be included in the transient analysis to take these effects into account.
The soil water characteristic curve and the hydraulic conductivity function used
for the weathered soil layer were adjusted from laboratory results performed on
intact, unweathered clay. The SWCC and hydraulic conductivity curves were
shifted 70% from the reference point of the AEV to better represent the nature of
the weathered material. The reduction resulted in an AEV just over 200 kPa
consistent with a blocky/friable structure unable to maintain higher suctions. The
saturated hydraulic conductivity was adjusted according to information published
by two of the authors mentioned previously. Shaw and Hendry (1998) showed
hydraulic conductivity differences in the magnitude of 160 to 320 times between
oxidized (weathered) and unoxidized clay till, while Viklander (1998) increased
the hydraulic conductivity on laboratory controlled clay till samples subjected to
freeze/thaw cycles by a factor of almost two. The saturated conductivity of the
weathered clay used in the transient Seep/W model, 1.84 x 10™* m/day (2.13 x
10° m/s), was equal to ten times the average saturated hydraulic conductivity

measured in the laboratory. Increasing the hydraulic conductivity ten fold was a
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conservative adjustment based on evidence presented in the literature. Figure
6.07 is a plot of the SWCC for the weathered clay layer (modified Kovacs
method) and the corresponding hydraulic conductivity function (van Genuchten

method).

The SWCC and the hydraulic c‘onductivity function assigned to the silty fine sand
seam layer have negligible impact on the solution since the sand seam was
assumed to be continuously saturated and therefore would not use the non-linear
portion of the SWCC function. The soil properties of sample BH-2-4 were used to
calculate both the SWCC and hydraulic conductivity curve for the silty fine sand
seam. The SWCC and hydraulié conductivity curves were shifted by 50% to
reduce the AEV to one that was consistent with silty fine sand material. The
saturated hydraulic conductivity was determined from slug tests performed on
piezometers installed within the silty fine sand layers in BH-2 and A-4. An
average saturated hydraulic conductivity of 5.69 x 102 m/day (6.59 x 107 m/s)
was used in the detailed transient seepage model. Figure 6.08 is a plot of the
SWCC (modified Kovéacs method) and the hydraulic conductivity function (van

Genuchten method) for the silty fine sand seam.

The SWCC and hydraulic conductivity functions used for the unweathered clay
layer were directly determined from grain size distributions of soil samples
without any adjustments. The saturated hydraulic conductivity used in the

detailed Seep/W model was an average of six laboratory flexible wall
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permeameter tests and was 1.84 x 10°° m/day (2.13 x 10°"° my/s). Soil properties
determined from sample BH-3-7 were used in the modified Kovacs method to
calculate the SWCC for the unweathered clay. Figure 6.09 plots both the SWCC
function and the hydraulic conductivity function used for the unweathered clay

layer in the detailed transient analysis.

The silt/sand layer that underlies the intact unweathered clay has little to no
effect on the near slope pore water pressure distributions or gradients that effect
stability. This layer was included in the detailed analysis for completeness. The
SWCC and hydraulic conductivity function were assigned to be equal to those

used in the weathered clay layer.
6.2.1.3 Initial Boundary Conditions

The boundary conditions included a ‘no flow’ boundary along the botiom of the
domain, and a ‘no flow boundary for the weathered clay layer, the intact
unweathered clay layer, and the silt/sand layer at the left boundary (Figure 6.04).
The left boundary was assigned a ‘no flow’ condition to be incorporated into the
transient Seep/W model since the lateral flow in the low permeable layers would
be negligible in contrast to the high permeability of the silty fine sand seam.
Contrary to all other soils at the left boundary, a positive flux boundary condition
was assigned to the silty fine sand seam at the left boundary. A positive flux

boundary condition was incorporated into the detailed model to act as a
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groundwater recharge into the silty fine sand seam since the seam is
continuously saturated and expected to be draining areas behind the crest
(Figure 6.04). The magnitude of the recharge was determined during calibration
of the detailed model (Section: 6.2.1.4). The right boundary of the domain
incorporated a constant head value of 402.16 metres based on observed water
levels in test hole 10 from the A. Dean Gould and Associates report (Appendix

F).

An environmental flux boundary reviewed by elevation was assigned to the slope
face. This boundary condition represents the in-situ soil/water interaction. The
environmental flux boundary function includes evapotranspiration during non-
rainfall events and infiltration during rainfall events. The flux function was
determined from rainfall and temperature data obtained from an Envirdnment

Canada weather station in Virden, Manitoba.

The magnitude of evapotranspiration for a vegetated area is difficult to calculate
due to the complexity of the vegetation/soil/water interaction. Many factors will
affect the magnitude of evapotranspiration such as vegetation type, vegetation
density, humidity, temperature, wind speed, inclination of the sun (season),
inclination of soil surface, soil type, and availability of groundwater. Penman
(1948) stated that the rate of evapotranspiration from vegetated and bare soils is
approximately equal to the rate of evaporation from a free water surface provided

that the supply and availability of water to the surface is unlimited. Assuming that
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the availability of water is unlimited for the study area, a simple mass transfer
equation from a free water surface could be used to determine the
evapotranspiration as a starting point prior to calibration. Meyer (1944) proposed

a simple mass transfer equation for Minnesota lakes given below;

E=0.0106(1+0.1u)e, —e, )*2.54 eq. 6.01

where:

E =evaporation from free water surface, (cm/day)
u =wind speed, (mph)

e, = saturated water vapour pressure, (mb)

e, =actual water vapour pressure, (mb)

The saturated vapour pressure can be calculated using the following equation;

eq. 6.02

e, =2.7489x10° exp(— 4278.6 ]

T, +242.79

where:

T, =dew point temperature, (°C)

The most common way to represent the magnitude of water vapour pressure in
the atmosphere is by a ratio of water vapour pressure to saturated water vapour

pressure referred to as Relative Humidity. The weather station at Virden,
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Manitoba did not measure Relative Humidity or wind speed, two parameters
needed to calculate evapotranspiration using the Meyer (1944) equation. For
calculating the evapotranspiration function for the study area, wind speed and
relative humidity were arbitrarily assumed to be constant at 20 km/h and 60%

respectively.

Infiltration  during rainfall events needed to be incorporated  into
evapotransipration and runoff based on the return period of the event. The

infiltration was calculated based on the following intuitive relationship.

[=P-E-(axP) eq. 6.03

where:

I = Infiltration, (cm/day)

P = Precipitation, (cm/day)

E = Evapotranspiration calculated using eq. 6.01, (cm/day)
a = runoff coefficient based on return period, Ty

Three runoff coefficients were used in calculating runoff. The three runoff
coefficients were assigned to three return period ranges. The return periods were
calculated using the last 40 years of rainfall data gathered from the weather
station in Virden, Manitoba. Figure 6.10 shows the rainfall event versus return

period from data collected at the weather station at Virden, Manitoba. The first
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runoff coefficient was assigned to rainfall events less than a 5 year return period
in Figure 6.10. The second runoff coefficient calculated runoff for rainfall events
between 5 year return period and 15 year return period. The last runoff
coefficient was assigned to large rainfall events having return periods greater
than 15 years. The runoff coefficients were adjusted accordingly in the calibration

phase of the modeling discussed in the following section.

6.2.1.4 Calibration of the Transient Seep/W Model

The calibration phase of the transient Seep/W model consisted of adjusting the
amount of recharge into the silty fine sand seam and adjusting the environmental
~ flux function to reproduce measured in-situ groundwater and suction profiles. The
calibration year of 2000 was modeled from April 1 to November 1 when two
measurements were taken of groundwater levels and the suction profile. The
transient model was “sensitive to the interaction between the surficial
environmental flux boundary and the recharge to the sand seam. Adjusting one

of these parameters significantly affected the soil/water profiles.

The amount of recharge to the silty fine sand seam was not known and could
only be estimated based on measured water levels. The recharge was held
constant, producing a constant groundwater profile when no environmental flux
boundary was defined (Figure 6.11). The amount of recharge to the silty fine

sand seam was based on the maximum possible recharge, equal to the
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conductivity of the silty fine sand seam (5.69 x 102 m/day). After calibration, the
recharge into the silty fine sand seam was reduced to 1.82 x 10, 32% of the

maximum magnitude of recharge.

The second of these relationships is the environmental flux function. Figure 6.12a
plots the flux function that was obtained after calibration. The calibration
consisted of adjusting evapotranspiration (section 6.2.1 .3) and the magnitude of
the three runoff coefficients. The evapotranspiration function needed to be
reduced by 96.3% to best represent the in-situ groundwater and suction profiles.
This large reduction suggests (a) the inability of the Meyer (1944) mass transfer
equation to properly estimate evaporation from a free water surface or (b) the
validity of the assumption that the evapotranspiration from a bare or vegetated
soil is equal to evaporation from a free water surface provided a continuous
availability of water. The second assumption is likely the less realistic since
numerous factors will affect the evapotranspiration in a vegetated soil. Another
possibility could be the orientation of the slope. A north-facing slope like the one
at PR 259 would not attract the same amount of solar radiation as a flat or south-
facing exposure, thus reducing the amount of evapotranspiration. The impact of
the assumed relative humidity on groundwater conditions and slope stability is
examined in the sensitivity analysis discussed later in the chapter (Section 6.4).
The runoff factors used in the calibrated environmental function are presented in

Table 6.03.
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During the initial part of the calibration exercise, the calculated groundwater
profile was very sensitive to rainfall events when compared to the relatively
constant water levels that were actually measured. The sensitivity was due to the
fact that the AEV in the weathered clay layer was too high to allow for de-
saturation of the upper soil material where there were larger suctions. A fully
saturated soil would not permit primary storage capabilities in the soil peds. In
addition, the lack of secondary storage, such as fissures, fractures and the
block/friable structure of the weathered zone would also not be incorporated in a
fully saturated soil. A storage component had to be built into the model to limit
the influence of intense rainfall events. To incorporate storage capabilities and to
de-saturate the upper soil, the SWCC for the weathered soil layer was shifted
65% (Figure 6.12b). Shifting the SWCC for the weathered soil significantly
reduced the sensitivity of the groundwater profile to intense rainfall events. The

hydraulic conductivity function was not adjusted.

Calibration results for BH-2, A-1, A-4 are presented in Figures 6.13, 6.14, 6.15
respectively. All modeled water Ievellprofiles showed, for the most part, good
agreement with the measured water levels. The modeled groundwater profile for
BH-2 was higher than the measured water levels by an average of 0.45 metres.
The groundwater profiles for A-1 and A-4 were below measured water levels by
an average of 0.19 and 0.21 metres respectively. Overall the results of the
calibration exercise compared with observed potentials with time were in good

agreement over the entire domain (Figure 6.16).
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The modeled suction profile compared reasonably well with the two measured
suction profiles from TP-1, and TP-2 (Figure 6.17). The modeled suction profile
was not as steep as the measured profile, but still displayed significant non-
linearity and in the negative pore water pressure range, it produced suctions that

were approximately two times larger than the hydrostatic values vy, xz above
u=p,. Having a modeled suction profile at a lesser slope than the slope of

measured suction profile results in conservative results for the contribution of

suction to stability.

At this point, calibration of the model was considered complete. Both the
groundwater (at different times) and suctions were being modeled well.
Improvements could no doubt be made to either the modeled groundwater profile
or to the suction profile. However, the coupled nature of the
saturated/unsaturated flow regime restricts adjustments since improving one
aspect of the in-situ pore water pressures appeared to worsen another aspect.
The calibrated Seep/W results using the year 2000 data were consideréd an

acceptable modeling of the soil conditions in the slope.

6.2.2 Transient Slope Stability Analysis

Pore water pressure distributions for 1_998, 1999, and 2000 modeled using
Seep/W model were imported into Slope/W using the same slope geometry, and

soil profiles used in Seep/W. The same fully-specified failure surface used in the
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preliminary analysis was used in the detailed Slope/W model. Figure 6.18

illustrates the domain used in the detailed Slope/W model.

The soil parameters used for the weathered and unweathered clay layers were
identical to the soil parameters used in the preliminary analysis. The preliminary
Slope/W analeis used averaged values from laboratory results; ¢’ne = 0, ¢/ne=
22°, and ypuk = 19.6 kN/m2. The friction angle due to suction, ¢,, was assumed
to be equal to ¢’ (Vanapalli ef al. 1996) based on the fact that the AEV intuitively
is never reached in the weathered and unweathered clay. The effect of the 0o
parameter on slope stability is determined in the sensitivity section (6.4) of this
chapter. The soil parameters used for the silty fine sand seam were estimated
based on typical values for silty sands. The silty fine seam used the following soil
properties; ¢’ = 0, ¢’'= 37°, and ypux = 19.6 kN/m>. The effect of these estimated
soil parameters on slope stability would be limited due to the location and small
thickness of the sand seam. The location and thickness of the sand seam means
that only a few slice bases in the slope analysis will fall in the sand seam Since
the silty fine sand seam was assumed to be saturated, no friction angle due to
suction was defined in the Slope/W model. The effect of the estimated friction
angle of the silty fine sand seam on slope stability is described in the sensitivity

section (6.4) of this chapter.
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6.3 Results

After calibration of the Seep/W model, simulations in both Seep/W and Slope/W
were executed for the periods April 1 to November 1 for 1998, 1999, and 2000.

The results of for each of the three years are presented in the following section.

6.3.1 Seep/W Results

Figures 6.19 presents the modeled Seep/W groundwater profile for 1998. Figures
6.20, 6.21, 6.22 plot calculated values of total head versus time for a node (node
693) located in the center of the silty fine sand seam at BH-2 for 1998, 1999,
2000. In addition to the total head versus time profile, the environmental flux
function for‘each year is plotted on the secondary axis (on the right side) in
Figure 6.20, 6.21, 6.22. Plotting both the total head versus time for a node and
the environmental flux function allows for easy comparison of trends. It can be
easily seen from Figure 6.20, 6.21, 6.22 that there is direct correlation between
the environmental flux function and the modeled variable head profile for any
node in the domain. The virtually exact trends between the two profiles
demonstrate the expected influence and impact of the environmental flux

boundary on the groundwater profile as expected.

In addition to directly affecting the groundwater profile, the environmental flux

boundary condition has considerable influence on the suction profile. Figure 6.23
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plots modeled suction versus time (1998) for a node (674) located at the slope
face at BH-2 on the primary (left) axis, while the environmental flux functioh for
1998 versus time is plotted on the secondary (right) axis. As with the
groundwater profile, there is generally a strong correlation between the suction |
.profile and the environmental flux function. However, the trend comparison
between the suction profile and the environmental flux function at times did not
correspond, in this way differing from the much closer comparisons observed in

the groundwater profiles in Figures 6.20, 6.21, 6.22.

After the three seven-month periods were modeled, the results from the Seep/W
model were used as input in Slope/W to determine the stability of the slope. The
following section presents results from the transient Slope/W analysis using the

Seep/W results as input.
6.3.2 Slope/W Results

Upon completion of the transient seepage analysis for 1998, 1999, 2000, the
stability of the studied slope was examined using Slope/W. Figure 6.24 plots the
factor of safety with respect to time for all three years. The factor of safety profile
for the calibration year of 2000 is significantly above 1.0 with a minimum factor of
safety of 1.72. The calibration year of 2000 displayed only small fluctuations in

modeled factor of safety.
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In contrast, the modeled factor of safety profile for the two wet years of 1998 and
1999 exhibited considerable variation in the factbr of safety within short periods
of time (a few days). For the most part, significant fluctuations in the factor of
“safety occur in May and June, with the 1998 profile exhibiting the largest change
in factor of safety. In May and June (Figure 6.25), factor of safety profiles for both
1998 and 1999 had several simulations that were only marginally above unity
(F.5=1.04). These marginally stable simulations suggest that the slope
movements could have occurred in either 1998, 1999. However, it is suspected
that the slope movements occurred in 1999 since rainfall events that produced
factors of safety near unity were long in duration, low intensity events facilitating
infiltration as opposed to runoff. The effect of long duration, low intensity events
is reflected in gradual decreases in the modeled factor of safety from a stable
factor of safety to just above unity. Rainfall events in 1998 that produced
inadequate factors of safety were of short duration, high intensity events. These
high intensity rainfall events decreased the factor of safety over larger ranges
when compared to the range of decreases exhibited in 1999 during wet periods.
In addition to the differences in the type of rainfall events, 1999 has a larger
frequency of factors of safety that fall below 1.4 when compared to 1998,

suggesting slope movements in 1999.
After June, all three factor of safety profiles in Figure 6.24 correspond reasonably

well with each other. Having similar factors of safety after June indicates that

there is a natural equilibrium for the slope. Even after periods of substantial rain
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(May, June), the in-situ soil/water conditions tend towards this natural equilibrium
and are reflected in the factor of safety profiles. Based on the wet years of 1998
and 1999, instability issues will occur in the months following spring thaw until the

dry heat of mid-summer.

To evaluate how matric suction affects slope stability, two simulations of stable
and unstable factors of safety were compared. The comparison was based on
soil/water conditions along identical fully-specified failure surfaces. Figure 6.26
plots the pore water pressure along the slip surface versus slice number for May
14, 1999 (unstable) and August 28, 1999 (stable). Slice #1 is located near the
crest of the slope while slice #50 is near the toe. Differences between the stable
and unstable pore water pressures profiles are substantial, with the unstable
pore water profile remaining almost entirely above zero. According to the
effective stress concept, the difference in the pore water pressures will result in
differences in effective stress. In turn, these affect the available soil strength
acting along the base of each slice. The difference between the two pore water
pressure profiles is reflected in the friction and suction components of soil
strength (available shearing resistance) profiles plotted in Figure 6.27. The May
14, 1999 (unstable) simulation produced considerably less available frictional
shear strength when compared to August 28, 1999 (stable). In addition, the soil
strength increase due to suction is non-existent, for May 14, 1999, while the
simulation for August 28, 1999 encompasses substantial amounts of soil strength

(shearing resistance) due to suction. The reduction of frictional shear strength
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and almost non-existent shear strength due to suction for the unstable simulation
furthers confirms the important effect that rainfall events have on the examined

slope.
6.4 Sensitivity Analyses

Sensitivity analyses were performed to determine the effects that adjusted,
assumed or estimated model parameters have on calculated stability. The
| sensitivity analyses incorporated the following parameters; evapotranspiration,
recharge into the silty fine sand seam, ¢, to ¢’ relationship, and ¢’ of the silty fine

sand and unweathered clay.

The evapotranspiration component of the environmental flux boundary was
altered between a range of + 50%. The effect of changing the evapotranspiration
on slope stability is plotted in Figure 6.28. May 15, 1999 was chosen for the
analysis because its factor of safety of 1.14, allowed for a considerable reduction
in the factor safety before reaching unity. The sensitivity results exhibit a linear
change in the factor of safety between —10% change and +40%. Within the linear
range, the factor of safety ranged between 1.10 and 1.36. A 50% percent change
in evapotranspiration over the linear range resulted in a 23% change in the factor
of safety. Within the linear portion of Figure 6.28 the stability can be said to be
relatively sensitive to changes in evapotranspiration. Above + 40%, the factor of

safety versus percent change in evapotranspiration curve increases sharply. It
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can be inferred from this relationship that the calculated stability is beginning to
be dominated by the amount of recharge into the sand seam, with the influence
of the environmental flux decreasing. Below —10%, the factor of safety versus
percent change in evapotranspiration curve becomes non-linear and begins to
flatten out. The groundwater profile for this portion of the curve is at the surface
for most of the sliding mass except at the upper and lower ends of the sliding
mass. A positive flux condition would only infiltrate at the ends of the sliding
mass, with runoff occurring in the middle in the fully saturated zone. This limited
the infiltration capacity and increased the runoff resulting in minimal decrease in

the factor of safety with a decrease in the amount of evapotranspiration.

In order to construct the detailed Seep/W model, the magnitude of recharge into
the silty fine sand seam had to be assumed since no explicit recharge data were
available. Because the recharge into the silty fine sand seam contributed
considerably to the groundwater profile, a sensitivity analysis was performed to
determine its impact on the factor of safety. The sensitivity analysis involved
altering the head at the left boundary of the seepage domain between +0.5
metres while the envirqnmental flux boundary condition was not applied. Once
the correct head adjustment was attained, the environmental flux boundary was
then applied to the system, with the results being imported into Slope/W. Figure
6.29 plots the factor of safety versus change in head at the left boundary of the
seepage domain for May 15, 1999. The results clearly show that the slope is only

moderately sensitive to the magnitude of recharge into the silty fine sand seam.
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As with reducing evapotranspiration, non-linearity is observed when the factor of
safety falls below 1.10. The sensitivity is 12% for a change of input head of 1

metre.

The friction angle of the silty fine sand seam was estimated to be 37°, which is a
conservative ¢ angle based on the nature of the material. The sensitivity analysis
adjusted the ¢ angle by two degree increments between 29° and 39°. Figure 6.30
shows results of sensitivity analysis. It can be seen that the stability of the slope
is‘ relatively insensitive to the friction angle of the silt fine sand seam. Over the

range of 10° the calculated factor of safety changed 6.5%.

In addition to analyzing the assumed ¢ for the silty fine sand seam, the ¢’ for
the weathered and unweathered clay was adjusted over a range of +4° to
determine its effect of the calculated factor of safety. A range to this extent would
go well beyond all likely ¢ angles for the material. Figure 6.31 plots factor of
safety versus the adjusted ¢’ for the weathered and unweathered clay. It was
determined that the factor of safety is moderately sensitive to the assigned ¢’ of
the weathered and unweathered clay. Over a range of 8° the calculated factor of
safety changed 36%. Therefore, any possible error in the interpolated failure
envelope from laboratory results (Figure 5.05) would have marginal impact on

the calculated factor of safety.
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‘Another assumption that was incorporated into the Slope/W model was the
relationship between ¢y, and ¢’. The base model assumed that ¢,, was equal to
¢’. This assumption would only affect the stability of the slope during dry
conditions when the factor of safety is substantially above unity. Nevertheless,
the effect of this assumption was analyzed. A relationship of ¢, = 0.5 x ¢’ was
incorporated into the Slope/W model for the Septémber 23, 1999 simulation. The
base factor of safety (with of ¢, = ¢') was equal to 2.16 while the ¢y, = 0.5 X
¢’ simulation had a factor of safety equal to 1.78. Reducing the friction angle for
suction by 50% reduced the factor of safety by 17.5%. The ¢, = ¢’ assumption
does not significantly affect the slope stability results at or near unity when the
slope is saturated for the most part and consequently is not important for the

failure mechanism being studied.

The sensitivity analysis demonstrated, excluding evapotranspiration, that
assumed, adjusted or estimated model parameters had little affect on the stability
of the slope. The sensitivity of the model to changes in evapotranspiration was
acceptable. The confidence level in the evapotranspiratioh parameter could be
greatly improved with improved estimation method (96.2% reduction on

estimated evapotranspiration).
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Standpipe  Distance Measured Modeled
ID From Total Head Total
Centerline (metres) Head
(metres) (metres)
BH-2 50 42030  420.70
A-4 43 419.33 419.40
A-1 37 418.40 418.33

Table 6.01 Comparison of water levels for fall 2000 used in preliminary seepage

analysis.
Groundwater Conditions
Sugction Conditions Case 1 Case 2 Case 3
423.50 m 42425 m | 425.00 m
No Suction 1.13 1.07 1.01
SeepNV S I I
¢*=05| Suction | & | & .
X 0'nc | Measured
Suction | 1’.44 1.30 1.16
S @ eepNV — —
0"=ne | gyction |

Table 6.02 Factors of safety for preliminary Slope/W model.

Return Period, Tg Runoff Coefficient

< 5 years 0.97
5 years < x> 15 years 0.98
> 15 years 0.99

Table 6.03 Runoff coefficients used in calibrated transient Seep/W model.
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Figure 6.02 Slope/W domain used in preliminary analysis.
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Figure 6.06 Silty fine sand seam after re-failing of the West Failure in July 2001.
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Figure 6.07 SWCC and hydraulic conductivity function for weathered clay layer.
SWCC function was based on sample BH-3-7.
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Figure 6.08 SWCC and hydraulic conductivity function for sand seam layer.
SWCC function was based from BH-2-4.
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Figure 6.09 SWCC and hydraulic conductivity function for unweathered clay
layer. SWCC function was determined from sample BH-3-7.
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Figure 6.10 Return period for rainfall events at Virden, Manitoba.

Figure 6.11 Seep/W result with no applied environmental flux boundary.
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Figure 6.12b Shifted SWCC for the weathered clay layer.
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Figure 6.13 BH-2 measured groundwater levels versus modeled groundwater
levels for April 1 to November 1, 2000.
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Figure 6.14 A-4 measured groundwater levels versus modeled groundwater
levels for April 1 to November 1, 2000.
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Figure 6.15 A-2 measured groundwater levels versus modeled groundwater
levels for April 1 to November 1, 2000
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Figure 6.18 Slope/W domain used in detailed transient analysis.
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Figure 6.20 1998 - Total head versus time for node 693 plotted on the primary

axis (left). Environmental flux function versus time is plotted on the secondary
axis (right).
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Figure 6.21 1999 - Total head versus time for node 693 plotted on the primary
axis. Environmental flux function versus time is plotted on the secondary axis.
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Figure 6.22 2000 - Total head versus time for node 693 plotted on the primary
axis. Environmental flux function versus time is plotted on the secondary axis.
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detailed model domain for May 15, 1999.
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Chapter 7

Summary and Conclusions

7.0 Summary

Two bowl-shaped failures that occurred along the PR 259 highway cut were a
direct result of the slope geometry, nature of material, and dissipation of soil

suction that caused a significant reduction of available shear strength.

The soil profile at the location of the two failures was heterogeneous. The
material encountered during the field investigation included glacial till, lacustrine
clay, alluvium and colluvium, silt, and fine sand. The complex soil profile was a
direct result of the complex geology and geomorphology. The field investigation
included four boreholes, two test pits and several hand augured holes with

several standpipe piezometer installations.
A Quick-draw Tensiometer was used to obtain matric suction profiles in the soil

during excavation of the test pits. Readings with the Tensiometer were taken at

0.5 metre intervals during the excavation. The suction profile was then used to
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calibrate the detailed transient Seep/W model. The tensiometer was a valuable

tool and played a significant role in determining the stability of the slope.

During the field investigation, failure surfaces were observed in two test pits and
in extracted samples retrieved from the study area. A majority of the fractures
were in-filled with gray, silty, fine sand and were surrounded by lacustrine clay or
“till like” material (Figure 4.20). The presence of the silty fine sand in a fracture of
clay or till implies that the material is not native and was transported by water
from its origin. The remaining failure surfaces were slickensided in nature as
exhibited in Test pit 2 (Figure 4.14 — 4.16). A slickensided failure surface was
observed in Test pit 1 in what was previously thought to be intact material. The
inclination of the failure surface (~22°) was slightly above the inclination of the
slope (~17°). The inclination of the slope and the observed failure surface is

close to ¢;, determined from the laboratory program and used in the slope
stability analysis. The ¢,, (¢, for Direct Shear) frictional angle was chosen based

on the block/friable nature of the material and the fact the slopé has undergone

past movements.

Information from the field investigation and laboratory testing program was
compiled, organized and incorporated into an integrated seepage and slope
analysis using the Seep/W and Slope/W computer applications. A preliminary
model was constructed in Seep/W and Slope/W to obtain an understanding of

the role and effect that soil suction has on slope stability. The preliminary model
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defined only one representative soil with averaged soil parameters. The results
from the preliminary model showed that during normal dry conditions the slope
was stable, while during normal wet conditions the slope remained stable only

because of the contribution of soil suction to available shear strength.

Upon completion of the preliminary model, a more detailed transient model was
constructed to improve the understanding of the influence of rainfall duration and
intensity on dissipation of soil suction. An environmental flux boundary was
incorporated‘ into the detailed transient model to simulate rainfall and
evapotranspiration. Construction of the more detailed Seep/W model used four
distinct soil layers. Several assumptions were required for constructing the
model. The effects of these assumptiohs were examined in the sensitivity section
(6.4). The detailed Seep/W model used the same cross-section and mesh design
as the preliminary model. The majority of boundary conditions used the detailed
Seep/W model were the same as the preliminary model with the except for an
environmental flux boundary applied to the slope face and a recharge flux
applied to the silty fine sand seam. The majority of the soil parameters were
either determined or inferred from information gathered from the field
investigation and the laboratory testing program. The SWCC and the hydraulic
conductivity functions were determined from prediétive models discussed in
sections 2.3 and 2.4. The SWCC and the hydraulic conductivity function for the
silty fine sand seam and the weathered clay layer were adjusted to provide a

better representation of their inherent material properties.
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Once the detailed transient Seep/W model was constructed, it was calibrated
using measured water levels and in-sity suctions for the year 2000. The
magnitude of evapotranspiration énd the runoff coefficients based on return
period were adjusted during calibration. The evapotranspiration was determined
using an empirical equation developed by Meyer (1944). The equation requires
temperature, relative humidity and wind speed data. During the early stages of
calibration, modeling of the slope was extremely sensitive to intense rainfall
events since the upper soil never became de-saturated, nullifying storage
capabilities. Consequently, a storage function was built into the Seep/W model
by shifting the SWCC of the weathered clay layer to allow de-saturation of the
upper soil. After calibration, it was evident (96.3% reduction in
evapotranspiration) that the Meyer (1944) equation could not estimate
evapotranspiration effectively in this application. The results of the calibrated
model showed good agreement with the measured water levels and reasonable
correlation with the measured suction profile. Due to the coupled nature of the

water levels and suction profile, further refinement was not undertaken.

After calibration, 1998, 1999 and calibrati_on year 2000 were analyzed using the
detailed transient Seep/W model. The seepage results showed that there was
direct correlation between the selected environmental flux boundary condition
and the change of total head at a node (Figures 6.20 - 6.22). In addition, the
environmental flux boundary condition produced almost identical trends when

compared to change in suction at node (Figure 6.23). It is evident that the

107



environmental flux boundary condition plays a major role in controlling the

soil/water conditions in the slope.

The detailed Slope/W model incorporated the same geometry and soil layers as
the Seep/W model. The strength and density parameters assigned to the soil
layers, except for the silty fine sand seam, were determined during the laboratory
testing program. Typical values of strength and density parameters were

assigned to the silty fine sand seam.

Pore water pressures calculated for 1998 and 1999, the suspected years of slope
movements, and for the calibration year of 2000 were incorporated into the
detailed Slope/W model. The calibration yeér 2000 produced calculated Factors
of Safety that were never lower than 1.72 (Figures 6.24). The results for 1998,
and 1999 indicated several periods where the slope was unstable (F.S = 1.04,
Figures 6.24 and 6.25) and numerous periods with only marginal stability (F <
1.4). Both 1998 and 1999 exhibited roughly the same numbers of periods that
were unstable or only marginally stable, all of them occurring in May to June.
Since significant rainfall events of 1998 were of short duration and high intensity
while the 1999 significant rainfall events were of low intensity and long duration, it
is suspected that slope movements occurred in June 1999. After June, in all
three years, the calculated factors of safety fell within the same range (F.S =

2.0), suggesting a natural equilibrium.
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The influence of suction on available shear strength during unstable and stable
years, differed considerably. It is evident in Figures 6.26 and 6.27 that shear
strength due to suction contributed significantly to the available frictional shear
strength during normal operating conditions. However, during significant rainfall
events of low intensity and long duration, rainfall infiltration dissipates the soil
suction, and produces ‘unstable’ factors of safety that can trigger slope
movements. Significant rainfall events most likely occur during wetter periods

from spring thaw to early summer.

A sensitivity analysis was performed to determine the impact of adjusted,
assumed or estimated model parameters on the outcome of the integrated
model. The sensitivity analysis was performed by adjusting the following model

parameters; recharge into the silly fine sand seam, ¢’ of the silty fine sand seam

and the magnitude of evapotranspiration. The amount of recharge into the silty

fine sand seam and its estimated ¢, have little influence the factor of safety

(Figure 6.29, 6.30). However, the magnitude of evapotranspiration has
considerable impact on the calculated factor of safety, especially at higher
values. The effect of evapotranspiration on stability, the inability to estimate
evapotranspiration effectively, and the fact that the soil/water conditions of the
slope depend on the defined environmental flux boundary warrants further
development of methods for estimating or obtaining accurate evapotranspiration
data to incfease the confidence level in determining the stability of a slope like

the one examined.
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7.1 Conclusions

The primary conclusions that can be drawn from this research project are as

follows:

1. Soil suction can contribute significantly to the total available shear
strength in unsaturated materials. In many cases suction may be the
dominant strength component to maintain stable conditions for a slope.

2. Infiltration of rainfall into a soil profile reduces the suction, thereby
reducing available shear strength.

3. Near surface soil/water conditions are dominated by the weather
conditions that can be modeled using known theories that incorporate
time-dependent environmental parameters.

4. The sensitivity analysis of the strength and flow boundary conditions in
this project demonstrated that the most significant parameter for the
determination of stability was the characterization of the environmental
boundary conditions.

5. The integrated use of finite element seepage analysis and limit
equilibrium stability analysis allowed for examination and quantification
of the time-dependent environmental conditions which dominated the
stability.

6. Extensive rainfall events of long duration and short intensities facilitate

infiltration over high intensity, low duration events. These events are
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most likely to occur in spring to early summer and are critical in terms

of slope stability.
The secondary conclusions are:

1. Reduction of available shear strength due to dissipation of soil suction
will generally cause shallow sliding failures where the failure wili initiate
below the crest and exit above the toe.

2. Methods for predicting the SWCC and hydraulic conductivity function
can be used with confidence when no experimental methods are
feasible.

3. Hydraulic properties of} medium plastic clays can facilitate rainfall
infiltration if the material is block/friable and within a zone of
weathering, and freeze/thaw cycles.

4. Preliminary modeling is a necessary step in order to develop detailed

models that effectively represents in-situ soil conditions.
7.2 Limitations of the Research
The limitations of the research for the most part were directly related to the
heterogeneity of the profile and the soil itself. As with most research projects, the

limited amount of money available for the field program restricted the number of

boreholes, tests pits, and instruments that can be installed.
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The limited number of boreholes made it difficult to get a clear picture of the soil
profile in this heterogeneous study area. This difficulty was especially evident in
determining the location and thickness of the seam of silty fine sand. In éddition,
the limited numbef and depth of the boreholes minimized the quantity of retrieved
soil samples that were available for the laboratory program. The minimal amount
of soil samples restricted the possibilities of the laboratory testing program to the
essentials and eliminated auxiliary tests like determining SWCC using a

desiccator.

The “till-like” heterogeneous material decreased the flexibility of the laboratory
testing program and restricted the potential for suitable laboratory samples. The
nature of the material restricted the triaxial sample size to the size of Shelby
tubes used. Difficulties were also encountered in selecting representative
samples to obtain proper in-situ soil parameters. A laboratory sample tested in
the either triaxial, direct shear or flexible wall permeameter apparatuses needs to
be intact, and be able to withstand the instaliation process with only a limited
amount of sample disturbance. Selecting the most “ideal” laboratory sample can
deviate considerable from the most “representative” sample. Laboratory samples
used in the research were selected to best represent the in-situ soil, while having

the ability to produce good laboratory results.
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Due to the limited amount of field data, there were several limitations to the
coupled modelling component of the research. The limited number of boreholes
increased the number of assumptions in the both the Seep/W and Slope/W
transient models. Some of these assumptions included several aspects of the
soil profiles, the boundary condition at the crest, and the depth of the weathered
clay above the silty fine sand seam. The one assumption that could potentially
have the largest impact is the no flow boundary condition along the left boundary
of the domain. This would probably be better represented by a variable head
boundary. A variable head boundary would allow for changes in the groundwater
elevation with respect to time based on environmental conditions of infiltration

and evapotranspiration.

The lack of a storage component in the Seep/W cdmputer model was one
limitation that was not a result of the limited number of boreholes. As previously
mentioned in Section 6.2.1.4, storage capabiliies had to be built into the
seepage model to allow for de-saturation the upper soil material. Adjusting the
soil properties of the weathered soil to incorporate storage (primary and
secondary) somewhat takes away from the premise of computer modelling.
Computer modelling represents the physical model based on observations and
retrieved data. The author hopes that a suitable storage function can be

incorporated into later versions of the Seep/W computer program.
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Appendix A: Hand Augured Field Logs



Geotechnical Laboratory - Field Drilling Log HoLE#_A1
Department of Civil and Geological Engineering SHEET 1of 3
University of Manitoba
Winnipeg, Manitoba, R3T 5V6
SITE/LOCATION PR 259 CLIENT Dept. of Highways
CONTRACTOR PROJECT
DRILL RIG PROJECT No. M. Sc.
METHOD Hand Auger LOGGED BY Nelson Ferreira DATE July 12, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: 0- 10% JS8OULDERS: >200mmp [COARSE SAND: 2—4.7-5;n¢ SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% [COBBLES: 75-200 mmd  |MEDIUM SAND: 4252 mmy DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) IWITH:  20-35% JCOARSE GRAVEL: 18-75mmé |FINE SAND: 075425 mmd (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
AND: _35-50% JFINE GRAVEL  4.75-19 FINES: <075mmsy _JETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
: Sampla | Type | Depth
* Cont. TYPE/RESULTS
0-5" Siity, fine sand loam - Dark gray, dry, no consistency, no plasticity, A1-1 Al 6"
trace oxidation, trace clay, shale and organics, 0-4.75mm
5" -9" same as above except grey, some clay, moist, medium plasticity, A1-2 Al 9"
9" - 15" same as above A1-3 Al 13"
15" - 24" |Clayey silt - dark gray, moist, soft, low plasticity, trace of oxidation, Al-4 A | 20"
some fine sand, trace clay shale 15mm
24" - 34" |Clayey silt - cark gray, moist, soft, low plasticity, trace of oxidation, A1-5 Al 26"
some fine sand, trace of clay shale
34" - 41" iSilty clay - dark grey, moist, soft, medium plasticity, trace of A1-6 A 37"
oxidation, trace of fine sand, trace blocky friable structure, trace of
clay shale <4.75mm
41" - 48" |Silty clay - dark gray, moist, low to medium plasticity, stiff, trace A1-7 A 44"
blocky/friable structure, some oxidation, some fine sand
48" - 55" |Silty Clay - dark gray, moist, low stiffness, blocky friable, some A1-8 A | 52"
oxidation, some fine sand, medium plasticity, trace of organics
55" - 60" |[Silty Clay - dark grey, moist, low stiffness, blocky friable, medium A19 | A | 59"
plasticity, some oxidation, some fine sand
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE [O-TUBE Depth (ft.)
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG
C - CORE MISC. TESTS
$B - SPLIT BARREL  |T - TORVANE
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST
DCT - DYN CONE TEST | |




Geotechnical Laboratory - Field Drilling Log HOLE# A1 _
Department of Civil and Geological Engineering : SHEET 20f3
University of Manitoba

Winnipeg, Manitoba, R3T 5V6

SITE/LOCATION PR 259 CLIENT Dept. of Highways

CONTRACTOR ) PROJECT

DRILL RIG PROJECT No. M. Sc.

METHOD Hand Auger LOGGED BY Nelson Ferreira DATE July 12, 2000

PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS

SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: G- 10% |BOULDERS: >200mm) JCOARSE SAND:  2:4.75 mmb SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10- 20% {COBBLES: 75-200 mend  IMEDIUM SAND:  .425-2 mmy DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER,

(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) ITH: 20 -35% [COARSE GRAVEL: 19-75mmd  |FINE SAND: 075-.425 mmy (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,

D: 35 50% |FINEGRAVEL _4.75-19 FINES: <075 mmp  JETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth [Sampld Recov.
# Cont | Length | TYPERESULTS

60" - 68" |Silty Clay - dark gray, moist , soft, blocky, friable, some oxidation, Al-10 | A | 64"

some fine sand, medium plasticity

68" - 73" _|Silty Clay - dark gray, moist, soft, blocky, friable, some oxidation, Al-11 | A | 707

some tan fine sand, medium plasticity

73" - 78" |Silty Clay - dark gray, moist, soft, blocky, friable, some oxidation, A1-12 | A | 75"

some tan fine sand, medium plasticity

78" - 83" |Silty Fine Sand - dark tan sand and silt, wet, soft, no structure, trace A1-13 | A ] 80"
clay, no plasticity, trace of clay shale, 0 - 4.75mm

83" - 89" |Silty Fine Sand - Dark tan, wet, soft, no piasticity, free water, dilative, |at-14 | A | 85"

trace of clay

89" - 95" [Silty Fine Sand - Dark tan, wet, no consistency, no plasticity, free ' A1-15 | A} 91"
water, dilative, trace of oxidation, trace of clay, trace of clay shale
0-4.75 mm

95" - 103" |Silty Fine Sand - tan, wet no consistency, no plasticity, free water, Al-16 | A | 97"

dilative, trace of oxidation

103" - 109" |Silty Fine Sand - dark tan, wet, no consistency, no plasticity, free A1-17 | A | 106"
water, dilative, very soft )

SAMPLE CONTAINERS WELL DETAILS/NOTES:

SAMPLE TYPE |O-TUBE _ Depth (ft.)
G- GLASS JAR

T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS {8 - BAG

C-CORE MISC. TESTS
SB - SPLIT BARREL [T - TORVANE
W - WASH H - HEADSPACE VAPOURS

SPT- STD. PENETR. TEST
DCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log

Department of Civil and Geological Engineering
University of Manitoba
Winnipeg, Manitoba, R3T 5V6

HOLE# A1
SHEET 30of3

SITE/LOCATION PR 259 CLIENT Dept. of Highways

CONTRACTOR PROJECT

DRILL RIG PROJECT No. M. Sc.

METHOD Hand Auger LOGGED BY Nelson Ferreira DATEJuly 12, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY' PLASTIC SOILS

SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: 0- 10% |BOULDERS: >200 mmd  [COARSE SAND:  2-4.75 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10- 20% [COBBLES: 75-200mmd {MEDIUM SAND: .425-2 mmy DENSITY, GRADATION, GRAIN SIZE, MiSC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC) ITH: 20 -35% [COARSE GRAVEL: 19-75 mm$  JFINE SAND: 075,425 mmd (ie. FINES. COBBLES, OXIDATION, DEPOST. STR,
D:__35-50% JFINE GRAVEL  4.75-19 FINES: <075 ETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth vld Recov.
# Cont. | Length | TYPERESULTS
109" - 114" |Silty Fine Sand - dark tan, wet, very soft, no plasticity, trace coarse Al-17 | A | 112"
sand, trace oxidation
114" - 121" |Silty Fine Sand - dark tan, wet, soft, no plasticity, trace of coarse A1-18 | A | 116"
sand, free water
121" - 129" |Silty Fine Sand - dark tan, wet soft, no plasticity, trace of coarse Al-19 | A | 124"
sand, trace of clay
129" - 130" |Silty Fine Sand - tan, wet, soft, no plasticity, trace of coarse sand A120 | A | 132"
End of Hole 130"
Sloughed in at 92" from top of hole
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE ([O-TUBE Depth (it.)
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS {B - BAG
C-CORE MISC. TESTS
SB - SPLIT BARREL  {T - TORVANE
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST
DCT - DYN CONE TEST —




Geotechnical Laboratory - Field Drilling Log

Department of Civil and Geological Engineering
University of Manitoba
Winnipeg, Manitoba, R3T 5V6

HOLE# A2
SHEET 1of1

SITE/LOCATION PR 259 CLIENT Dept. of Highways
CONTRACTOR PROJECT
DRILL RIG PROJECT No. M. Sc.
METHOD Hand Auger LOGGED BY N. Ferreira/G. Siemens DATE Aug. 17, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% |BOULDERS: >200mm$ JCOARSE SAND: 2-4.75 mms SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. ISOME: 10-20% |COBBLES: 75-200 mmé  fMEDIUM SAND:  .425-2 memd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) TTH: 20 -35% {COARSE GRAVEL: 19-75 mmd  {FINE SAND: 075-.425 mmd (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
D:  35-50% |FINE GRAVEL 4.75- 19 FINES: <.075 m ETC.) —
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type Depth Recov.
# Cont. | Length | TYPERESULTS
Location - Same as A1, 12.9 m west of BH3
10'-12.5" |Siity Clay - trace of gpysum, dark grey, some fine sand, flakey, low
plastic, structure at 3.3 m, fine sand and silt lenses, trace of oxidation
E.OH-38m
free water
End of Hole
SAMPLE CONTAINERS WELL DETAILSINOTES:
SAMPLE TYPE |O-TUBE Depth (it.)
G- GLASS JAR Bentonite
T-SHELBY TUBE  |P - MOISTURE TIN 03m
A - AUGER CUTTINGS {B - BAG Cuttings
C-CORE MISC. TESTS 17m
SB - SPLITBARREL [T -TORVANE
W - WASH H - HEADSPACE VAPOURS Bentonite 33m
SPT- STD. PENETR. TEST Silica Sand 38m

DCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log HOLE#_A3
Department of Civil and Geological Engineering SHEET 101
University of Manitoba
Winnipeg, Manitoba, R3T 5v6
SITE/LOCATION PR 259 CLIENT Dept. of Highways
CONTRACTOR PROJECT
DRILL RIG PROJECT No. M. Sc.
METHOD Hand Auger _ LOGGED BY N. Ferreira/G. Siemens DATE Aug. 17, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% |BOULDERS: >200mm$ |COARSE SAND: 2-(7-5 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. [SOME: 10- 20% {COBBLES: 75-200 mmp [MEDIUM SAND:  .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) TH: 20-35% [COARSE GRAVEL: 19-75mm$ |[FINE SAND: 075-425 mmd (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
D:  35-50% |FINE GRAVEL 4.75- 19 FINES: <.0_75 m ETC.)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth [Sampld Recov.
& Cont. | Leagth § TYPE/RESULTS
Location - Same as BH-1
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE [O-TUBE Depth (it.)
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN Cuttings 33m
A - AUGER CUTTINGS |B - BAG
C-CORE MISC. TESTS Bentonite 4.1m
SB- SPLIT BARREL |T - TORVANE N
W - WASH H - HEADSPACE VAPOURS Silica Sand
SPT- STD. PENETR. TEST 49
DCT - DYN CONE TEST L] 49m




Geotechnical Laboratory - Field Drilling Log

Department of Civil and Geological Engineering

University of Manitoba

Winnipeg, Manitoba, R3T 5V6

HOLE# _A4
SHEET 10of2

SITE/LOCATION PR 259 CLIENT Dept. of Highways
CONTRACTOR PROJECT
DRILL RIG PROJECT No. M. Sc.
METHOD Hand Auger LOGGED BY N. Ferreiral/G. Siemens DATE Aug. 17, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% |BOULDERS: >200mm$ {COARSE SAND: 2-4.75mmé SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10- 20% |COBBLES: 75-200 mmd  [MEDIUM SAND:  425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) TTH: 20 -35% |COARSE GRAVEL: 19-75mmd |FINE SAND: .075-.425 mmd (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
D:__35-50% IFINE GRAVEL __ 4.75.19 FINES: <o75mmy | ETC) —
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth Recov.
# Cont.| Length | TYPE/RESULTS
Location - 12.9 m west of BH-3, 1.65 m up form A2 along slope
0'-1" Fine Sandy Silt - light to medium gray, dry, no consistence, no A4-1 1
structure, no plasticity, trace of medium sand to coarse gravel, trace
of organics, trace of gypsum
1-2 Silty Fine Sand - tan, dry, no consistency, no structure, no plasticity, A4-2 1.5’
trace of medium sand to coarse gravel, trace of organics, trace to
some oxidation between 1'6" - 2', trace of gypsum
2'-3 Silty Fine Sand - tan, dry, no consistency, no structure, no plasticity, A4-3 2.5
trace of medium sand to coarse gravel, trace of organcis, frace to
some oxidation
3-5 Silty Clay - medium to dark grey, moist, no structure, low to medium Ad-4 3-4
plasticity, free water at 4' 6", with tan fine sand, trace of medium to A4-5 4'-5
coarse gravel, trace of oxidation, trace of clay shale
5 -6 Silty Clay - medium to dark grey, moist, no structure, low to medium A4-6 55'
plasticity, free water, with tan fine sand, trace of medium to
coarse gravel, trace of oxidation, trace of clay shale
6-7 Silty Clay - medium to dark grey, moist, no structure, low to medium A4-7 6.5'
plasticity, free water, with tan fine sand, trace of medium to
coarse gravel, trace of oxidation, trace of clay shale
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE [O-TUBE Depth (ft.)
G- GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS [B-BAG
C-CORE MISC. TESTS
SB - SPLIT BARREL [T - TORVANE
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST
DCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log

Department of Civil and Geological Engineering

University of Manitoba

Winnipeg, Manitoba, R3T 5V6

HOLE#__A4
SHEET 10of2

DCT - DYN CONE TEST

SITE/LOCATION PR 259 CLIENT Dept. of Highways
CONTRACTOR PROJECT
DRILL RIG PROJECT No. M. Sc.
METHOD Hand Auger LOGGED BY N. Ferreira/G. Siemens DATE Aug. 17, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: ©- 10% |BOULDERS: >200 mmp |COARSE SAND:  24.75 mms SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% {COBBLES: 75-200 mmp JMEDIUM SAND:  .425-2 mmé DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) IWITH: 20 -35% JCOARSE GRAVEL: 18-76 mm$ [FINE SAND: .075-.425 mm$ (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
AND: _ 35-50% IFINE GRAVEL 47519 FINES: <075 mmp | ETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type Depth Recov.
# Cont.| Length | TYPERESULTS
7 -8 Silty Clay - dark grey, trace medium sand to fine gravel, low plasticty, A4-8 7.5
no consistency, some fine sand, possible water table
8'-11" Silty Clay - dark grey, trace medium sand to fine gravel, low plasticy,  {a4-9 8'5"
no consistency, some fine sand A4-10 9'5"
E.O.H
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |O-TUBE Depth (ft.)
G- GLASS JAR Bentonite '
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG
C-CORE MISC. TESTS i
SB - SPLITBARREL  |T- TORVANE Silica Sand
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST 112"




Geotechnical Laboratory - Field Drilling Log
Department of Civil and Geological Engineering

University of Manitoba

Winnipeg, Manitoba, R3T 5V6

HOLE#__AS5
SHEET_1o0of1

SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.)

BOULDERS: >200 mmg [COARSE SAND: 2475 mmd
COBBLES: 75-200mmy [MEDIUM SAND: 425-2 mmd
COARSE GRAVEL: 19-75mmd  |FINE SAND: 075-.425 mmd

SITE/LOCATION PR 259 CLIENT Dept. of Highways

CONTRACTOR PROJECT

DRILL RIG PROJECT No. M. Sc.

METHOD Hand Auger LOGGED BY N. Ferreira/G. Siemens DATE Aug. 17, 2000
PLASTIC SOILS SOIL. DESCRIPTION KEY PLASTIC SOILS

SOIL TYPE- COLOUR, MOISTURE CONTENT
DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(le. FINES, COBBLES, OXIDATION, DEPOST. STR.,

SPT- STD. PENETR. TEST
DCT - DYN CONE TEST

; FINE GRAVEL __4.75-19 FINES: <075y §ETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
. Sample | Type | Depth Recov. -
& Cont. | Length | TYPE/RESULTS
Location - 7.5 m up slope from BH-3
0'-2 Silt with Clay - some organics, trace sand, low plasticity
2'-3 Silt with Clay - some sand, trace organcis, trace coarse gravel,
trace gypsum , low plasticity
3-4 Silt with Fine Sand - some clay, trace organics, trace fine gravel,
low plasticity, some oxidation
4:5 Silt with Clay - some sand, trace organcis, trace fine gravel (1st),
trace gypsum , low plasticity
5'-6" Silt with Fine Sand - some clay, trace fine gravel (1st), frace
gypsum, low plasticity, some oxidation
6-7 Silt with Fine Sand - some clay, trace fine gravel {1st shale. Cryst.)
low plasticity, minor oxidation '
7' End of Hole - Boulder ?
SAMPLE CONTAI"NERS WELL DETAILS/NOTES:
SAMPLE TYPE |[O-TUBE : Depth (ft.)
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG
C - CORE MISC. TESTS
$8-SPLITBARREL  |T- TORVANE
W - WASH H - HEADSPACE VAPOURS




Appendix B: Test Pit Field Logs



Geotechnical Laboratory - Field Drillin
Department of Civil and Geological Engineering
University of Manitoba

Winnipeg, Manitoba, R3T 5V6

gLog

HOLE#_TP-1
SHEET 1of2

SITE/LOCATION _ PR259 CLIENT M. Sc.
CONTRACTOR  Department of Highways PROJECT PR259 Siope Failure
DRILL RIG Back Hoe PROJECT No.
METHOD Test Pit LOGGED BY N. Ferreira/G. Siemens DATE Jul. 24, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: 0- 10% BOULEE_RS: >200mm$ |COARSE SAND: 2475 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. [SOME: 10-20% [COBBLES: T 75-200 mmd’ [MEDIUM SAND:  425-2 mmé DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 35% |COARSE GRAVEL: 19-75mm$ [FINE SAND: 075-425 mdy (le. FINES. COBBLES, OXIDATION, DEPOST. STR.,
AND: _35-50% |FINE GRAVEL _ 4.75-19 FINES: <075mmy | ETC) — —
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth Recov.
# Cont. | Length TYPE/RESULTS
0-0.5m |Silty Clay Loam - medium brown, dry, low to no plasticity, some P11 | G 0-5} B Tens = 75 kPa
organics, some oxidation, some clay shale, trace of fine sand
0.5-1m Silty Clay Loam - medium brown, dry, low plasticity, clay intrusions, P12 | G| 51| B Tens =75 kPa
some organics, some clay shale, some oxidation
1-1.5m Silty Clay - dark grey, moist, medium plasticity, clay TP1-3 | G |1.0-15| B Tens = 36 kPa
intrusions, blocky friable, clay slickenslided, some fine sand, some
clay shale, trace of oxidation
1.5-2.0m |Silty Clay - grey, moist, low to medium plasticity, clay TP14 | G [1520{ B Tens = 40 kPa
intrusions, blocky friable, clay slickenslided, some fine sand, trace BS-2 1.5-1.8] B PP =225,23
of oxidation, trace of organics 2.40 kg/sq.cm
2.0 -2.5m |Silty Clay - dark grey, moist, section of free water, clay TP1-5 { G |2.0-25| B Tens =0 kPa
intrusions of medium plasticity, low plasticity overall, some fine sand, No more
some clay shale, some oxidation, blocky friable, slickenslided Tensiometer
Readings
2.5 - 2.8M |Silty Clay - grey-brown, moist free water some oxidation TP16 | G [25-28] B PP =25, 3.6,
low palsticity BS-3 2.5-29| B 2.5,3.8
possible failure surface @ 2.7m angle = 15 degrees from horiz. kg/sg. cm
2.8 -3.4m_|Silty Clay - dark grey, moist, free water, med. plasticity trace sand, P17 | G [28-34] B
trace oxidation, blocky friable, somewhat slickensided
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |[O-TUBE Depth (ft.)
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG
C - CORE MISC. TESTS
SB - SPLIT BARREL [T - TORVANE
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST
DCT - DYN CONE TEST L




Geotechnical Laboratory - Field Drilling Log

HOLE#_TP-1

W - WASH

H - HEADSPACE VAPOURS

Department of Civil and Geological Engineering SHEET 20f2
University of Manitoba
Winnipeg, Manitoba, R3T 5V6
SITE/LOCATION PR259 CLIENT M. Sc.
CONTRACTOR _ Department of Highways PROJECT PR259 Slope Failure
DRILL RIG Back Hoe PROJECT No.
METHOD Test Pit LOGGED BY N. Ferreira/G, Siemens DATE Jul, 25, 2000
PLASTIC SOILS - SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT W; > 700 mmg  JCOARSE SAND: — 2-4.75 ming SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. ISOME:  10- 20% JCOBBLES: 75-200 mmé [MEDIUM SAND:  .425-2 mm¢ DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(lo. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% JCOARSE GRAVEL: 18-75mmj |FINE SAND: 075-425 mmd {le. FINES. COBBLES, OXIDATION, DEPOST. STR.,
' AND: _ 35- 50% FINE GRAVEL 47518 FINES: <075 mms ETC) -
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type Depth [Sampld  Recov.
4 Cont. | Length | TYPERESULTS
3.4 -3.8m_|Silty Clay - trace fine sand, dark grey, slickenslided, moist, trace P18 | G |34-38| B
oxidation, medium plasticity )
3.8 -4.5m_|Silty Clay - trace fine sand pockets, dark grey, slickenslided fracture plane, qiri-¢ | G | 3.844.5| B
free water, medium plasticity 7P1-10] G { 3.8-45]| B
4.5 - 5.0m _|Silty Clay - some of fine sand, dark grey, slickenslided fracture plane, TP1-11] G |45-5.0| B
moist, free water, medium plasticity
End of Hole
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE [O-TUBE Depth (ft.)
G- GLASS JAR
T - SHELBY TUBE P -MOISTURETIN .
A - AUGER CUTTINGS |8 - BAG
C - CORE MISC. TESTS
SB - SPLIT BARREL  |T- TORVANE

SPT- STD. PENETR. TEST

OCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log
Department of Civil and Geological Engineering

University of Manitoba
Winnipeg, Manitoba, R3T 5V6

HOLE#_TP-2
SHEET 1of2

SITE/LOCATION _PR259 CLIENT M. Sc.
CONTRACTOR _ Department of Highway: PROJECT PR259 Slope Failure
DRILL RIG Back Hoe : PROJECT No.
METHOD Test Pit LOGGED BY N. Ferreira/G. Siemens DATE Jul. 25, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: 0- 10% ]BOULDERS: >200mm$ |COARSE SAND:  24.75 mm} SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. ISOME: 10-20% {COBBLES: 75-200 myd  [MEDIUM SAND:  .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC, OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% [COARSE GRAVEL: 19-75mm$ [FINE SAND: 075-425 mmd (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
AND: _35- 50% |[FINE GRAVEL __ 4.75-19mm$ |FINES: <o7smms | ETC) —_—
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth [Sampld Recov.
¢ Cont. | Length | TYPE/RESULTS
0-0.25m__|Silty clay - light to medium grey, moist, slighy blocky friable, medium TP2-1 | G 0-.25m B
to high plasticity, trace of organics, trace of clay shale, all gradation,
trace of oxidation, trace of fine sand, trace of fine grave!
0.25 - .6m_ |Silty Clay Loam - medium grey-brown, moist, no structure, some P22 | G 1.25-6] B
organics, no to low plasticity, some clay inclusions of medium
plasticity, some fine sand, trace of clay shale, trace of oxidation
0.6 - 1.1m_ [Silty Clay loam - medium grey-brown, moist, no structure, some P23 | G [.6-1.1] B Tens = 36 kPa
organics, no to low plasticity, some tan fine sand, trace of clay shale,
trace of oxidation, trace of fine gravel to boulders
1.1 -1.5m_ |Silty Clay - medium grey-brown, moist, no structure, trace organics, P24 | G 1.1-1.9 B Tens =42 kPa
trace oxidation, trace clay-shale, low plasticity, trace coarse sand
1.5 -1.8m_|Silty Clay - medium grey-brown, trace sand, some clay shale, moist, P25 | G |1.5-1.4 B~ Tens =2 kPa
no structure, trace organics, trace oxidation, trace coarse sand, sand
pockets, clay pockets
1.8 -2.1m_|Silty Clay - medium grey-brown, trace sand, trace organics, some TP2-6 | G |1.8-2.1 B Tens =2 kPa
oxidation, tan silt pockets, trace fine gravel, some clay-shale, low to
medium plasticity, free water
2.1 -2.5m _|Silty Clay - grey-brown, some fine sand, moist, free water, some TP2-7 | G 2128 B
structure, some oxidation, trace clay shale
» SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |O-TUBE Denpth (ft.)
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG
C - CORE MISC. TESTS
SB-SPLIT BARREL  |T - TORVANE
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST
DCT - DYN CONE TEST —




Geotechnical Laboratory - Field Drilling Log HoLE# TP-2

Department of Civil and Geological Engineering SHEET 20f2
University of Manitoba
Winnipeg, Manitoba, R3T 5V6
SITE/LOCATION _PR259 CLIENT M. Sc.
CONTRACTOR  Department of Highways PROJECT PR259 Slope Failure
DRILL RIG Back Hoe PROJECT No.
METHOD Test Pit LOGGED BY N. Ferreira/G. Siemens DATE Jul. 25, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: 0- 10% |BOULDERS: >200mmp |COARSE SAND: 24.75 mmg SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% |COBBLES: 75-200mmy |MEDIUM SAND: 4252 end DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, 6XJDATION. STRUCTURES, ETC.} [WITH: 20 -35% {COARSE GRAVEL: 18-75mmé [FINE SAND: 075-.425 muné {ia. FINES. COBBLES, OXIDATION, DEPOST. STR.,
AND: _35-50% |FINE GRAVEL _ 4.75- 19 FINES: <.078 ETC.)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS

Sampla | Type | Depth [Sampid Recov.
# t] Length | TYPERESULTS

2.5-3.2m |Possible Failure Surface @ 2.8m

Silty Clay - Medium grey, slightly blocky friable, medium plasticity, TP2-9 | G |2.5-2.7]

free water, some tan sand, some oxidation BS-4 B |2.7-3.1

Con
TP2-8 | G [2.5-2.7] B
B
B

40 cmy

3.0 - 3.2m_|Varve layer natural matertal - medium plasticity, clay, grey, medium TP2-10f G }2.9-3.2| B

tan layers, stiff, blocky friable, trace of fine sand, trace oxidtion

possible failure surface @ 3.1 and 2.87m

3.2 - 3.8m_|Silty claylfine sand - tan, light brown, dark grey spots, blocky friable, TP2-11] G §3.2-3.8

stiff, no to low plasticity, some clay, some oxidation, some almost

vertical fractures with lots of oxidation, slickenslided along fracture

trace of oxidation, trace of fine gravel to boulders

W - WASH

H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST

DCT - DYN CONE TEST

End of Hole
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |[O-TUuBE Depth (ft.)
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |8 - BAG
C -CORE MISC. TESTS
SB - SPLIT BARREL  {T - TORVANE




Appendix C: Field Borehole Logs



University of Manitoba

Geotechnical Laboratory - Field Drilling Log

Department of Civil and Geological Engineering

Winnipeg, Manitoba, R3T 5V6

HOLE#__BH 1
SHEET_10f4

SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR _ Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD HAS & SSA LOGGED BY N. Ferreira/ G. Siemens DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: O- 10% |BOULDERS: >200mmé  |COARSE SAND:  2-4.75 mmd SOl TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% {COBBLES: 75-200 mm$ [MEDIUM SAND:  425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% |COARSE GRAVEL: 19-75mmp |FINE SAND: [075-.425 mmd (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
AND: _35-50% IFINE GRAVEL _ 4.75-19 FINES: <07smmp _JETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth Recov.
# Cont. | Length | TYPE/RESULTS
- Surfical Boulders and Cobbles BH1-1 10"
0-20" Silty Fine Sand Loam - medium brown to gray, dry, no structure, BH1-2 | SB| 15"
no plasticity, some organics, coarse sand to boulders, trace of
clayshale, trace of oxidation
20"- 40"  |Silty Clay - medium gray, moist, sfightly blocky, very stiff, low to BH1-3 | SB 18" T = 1.5 kg/cm2
medium plasticity, some fine sand to coarse gravel, some oxidation,
some fine sand seams less than 2 mm
40"- 60" Silty Clay - medium gray, moist, slightly blocky, very stiff, low to BH1-4 | SB
" medium plasticity, trace of fine sand to coarse gravel, trace of
oxidation, several fractures
Fracture @ 45" - trace of organics
Fracture @ 55" - some gypsum, and oxidation
60" - 86" |Silty Clay - medium gray, moist, blocky/friable, stiff, same as above BH1-5 | SB | 60-66 18
Fracture @ 64" - sand seam, completely oxidized
66" - 80" [Silty Clay - medium grey to tan brown, fine tan sand, moist, blocky/ BH1-6 | SB [66-80| B
friable, very stiff in clay part, some oxidation, some fractures with
gypsum in all directions, some coarse sand to coarse gravel, trace of
organics, clay - low to medium plasticity
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLETYPE |O-TUBE Depth (it.)
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG
C - CORE MISC. TESTS
SB - SPLIT BARREL [T - TORVANE
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST
DCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log

HOLE#_ BH 1

Department of Civil and Geological Engineering SHEET 20fd4
University of Manitoba
Winnipeg, Manitoba, R3T 5V6
SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR _ Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD SSA & Push Samples LOGGED BY N. Ferreira/ G. Siemens DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% [BOULDERS: >200 mmé |COARSE SAND: 2-4.7-5 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. [SOME: 10- 20% JCOBBLES: 75-200 mmé  |MEDIUM SAND:  .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) IWITH: 20-35% |{COARSE GRAVEL: 19-75mmd {FINE SAND: [075-.425 mmd (ie. FINES, COBBLES, OXIDATION, DEPOST, STR,,
AND:  35- 50% lFINE GRAVEL _ 4.75-19 FINES: <075 mmd ETC.) -
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS

Sample | Type | Depth jSampld Recov.
# Cont.

Length | TYPE/RESULTS

80" - 100-" [Silty Clay - medium grey to tan brown, fine tan sand, moist blocky/ BH1-7 | SB |80-100

B

friable, very stiff in clay part, some oxidation, some fractures, some

coarse sand to coarse gravel, trace of organics, clay - low to medium

plasticity

100" - 120" [Hit Boulders - no sample

tried to go another 20" but too many boulders, switched to SSA, tried

another hole but too many boulders, went back to first hole

10' - 15' Silty Fine Sand - grey, moist, homogeneous, no to low plasticity, BH1-8 | A | 13'

trace coarse to fine gravel, some clay particles

15" 17" Silty Fine Sand - grey, moist, homogeneous, no to low plasticity, BH1-9 | A | 16"

trace coarse to fine gravel, some clay particles

17'-19° Silty Clay - dark grey, moist, medium plasticity, some sand, trace BH1-10} A | 19

T = 1.3 kg/lcm2

of oxidation, trace of clay shale, fine gravel, trace of silt pockets, stiff

19'-21' Silty Fine Sand - grey, moist, homogeneous, no to low plasticity,

trace coarse to fine gravel, some clay particles

21'-23 Silty Clay - dark grey, moist, low to medium plasticity, some sand, BH1-11] A | 22

T =.975 kg/cm2

trace of oxidation, stiff

SAMPLE CONTAINERS WELL DETAILS/NOTES:

Depth (ft)

SAMPLETYPE (O-TUBE
G- GLASS JAR

T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG

C-CORE MISC. TESTS
SB - SPLITBARREL [T -TORVANE
W - WASH H - HEADSPACE VAPOURS

SPT- STD. PENETR. TEST

DCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log
Department of Civil and Geological Engineering

University of Manitoba

Winnipeg, Manitoba, R3T 5V6

HOLE#__BH 1
SHEET 3of 4

SITE/LOCATION PR 259 : CLIENT Dept. of Highways & Transportation
CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.

METHOD SSA & Push Samples LLOGGED BY N. Ferreira/ G. Siemens

DATE Jul 27, 2000

SOIL DESCRIPTION KEY

— e —————
BOULDERS: >200mmé |COARSE SAND: 2-4.75 mmé
COBBLES: 75-200 mmd  IMEDIUM SAND:  .425-2 mmd
COARSE GRAVEL: 19-75mmp |FINE SAND: 075-.425 mmg

FINE GRAVEL _ 4.75-19 FINES: <.075 mmd

PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.)

TRACE: 0- 10%
[SOME: 10-20%
WITH: 20 -35%
D:  35-50%

PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT
DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie- FINES. COBBLES, OXIDATION, DEPOST. STR.,

ETC.)

T - SHELBY TUBE P -MOISTURE TIN
A - AUGER CUTTINGS |B - BAG

C - CORE MISC. TESTS
SB - SPLIT BARREL  |T - TORVANE
W - WASH H - HEADSPACE VAPOURS

SPT- STD. PENETR. TEST

DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type Depth Recov.
) # Cont. | Length TYPE/RESULTS
23' - 25" Silty Clay - dark grey, moist, low to medium plasticity, some sand, BH1-12 24 | B T = 1.9 kgfem2
some silt pockets, very stiff
25'-31" Silty Clay - dark grey, low to medium plasticity, some sand, silt BH1-13 27" | B T = 1.7 kgicm2
pockets @ 26' - 4" thick, very stiff
31'-34' Fine Sand/Silt - medium grey some tan colour, moist, no plasticity, BH1-14 33 1 B
trace of oxidation, trace of clay with section of some clay
34' - 35 Clayey Silt - varved medium grey, stiff, low to medium plasticity, some  |BH1-15 34' | B T =1.0 kgicm2
' silt including pockets, some oxidation and fine sand trace of gypsum
35' - 40° Clayey Silt - medium to dark grey, moist, varved'. stiff, some silt BH1-16 37" | B T=195 kg/lcm2
pockets, low to medium plasticity
40' - 45 Clayey Silt - medium to dark grey, moist, varved, stiff, some silt BH1-17 43 | B T = 1.75 kg/em?2
pockets, low to medium plasticity
45' - 50 Silty Clay - medium to dark grey, moist, slightly varved, very stiff, BH1-18 46' | B T = 1.5 kg/lem2
trace silt pockets, except from 47' - 47.5' some silt, medium to high
plasticity
50' - 55' Silty Clay - medium to dark grey, moist slightly varved, very stiff, trace  |BH1-19 52' | B T = 2.0 kg/lem2
of silt pockets, except from 53" - 53.5' some silt, medium to high
plasticity
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLETYPE |O-TUBE Depth (ft.)
G- GLASS JAR

DCT - DYN CONE TEST
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Winnipeg, Manitoba, R3T 5V6

Geotechnical Laboratory - Field Drilling Log

Department of Civil and Geological Engineering

HOLE#__BH 1
SHEET 4o0f4

SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD SSA & Push Samples LOGGED BY N. Ferreira/ G. Siemens DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT [TRACE: 0-10% |BOULDERS: >200mm$ |COARSE SAND: 2-4.7-5 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. [SOME: 10-20% [COBBLES: 75-200 mmd IMEDIUM SAND: .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% JCOARSE GRAVEL: 19-75mmd |FINE SAND: 075-.425 mmd {ie. FINES. COBBLES, OXIDATION, DEPOST. STR,,
AND: _35- 50% _|FINE GRAVEL _ 4.75-19 mms ‘FINES: <075 mms | ETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth Recov.
# Cont.{ Length TYPE/RESULTS
55' - 60' Clayey Silt - medium to dark grey, moist, varved, stiff, some silt BH1-20 57 { B T = 1.33 kg/lcm2
pockets, low plasticity
60" - 62.5' |Silty - medium fo dark grey, moist, no plasticity BH1-21 61" | B
62.5' - 65" [Silty Clay - medium to dark grey, moist, slightly varved, very stiff, BH1-22 63' | B T =2.1kglcm2
trace of silt pockets, medium to high plasticity
65'-70° Silty Clay - medium to dark grey, moist, slightly varved, very stiff, BH1-23 67' | B T = 1.9 kg/em2
trace of silt pockets, medium to high plasticity
70'-75' Sandy Fine Silt - tan, moist, no plasticity, medium density, trace BH1-24 73" 1| B
i oxidation, trace clay, trace silt pockets
75' - 80' Sandy Fine Silt - tan, moist, no plasticity, trace of oxidation, trace of BH1-25 7' | B
clay pockets, medium density
SAMPLE CONTAINERS WELL DETAILS/INOTES:
SAMPLE TYPE |[O-TUBE Depth {ft.)
G- GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |8 - BAG
C - CORE MISC. TESTS
SB - SPLIT BARREL  |T - TORVANE
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST
DCT - DYN CONE TEST —




Geotechnical Laboratory - Field Drilling Log
Department of Civil and Geological Engineering

University of Manitoba

Winnipeg, Manitoba, R3T 5V6

HOLE#
SHEET

BH 2

1of 2

SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD SSA & Push Samples LOGGED BY N. Ferreira/ G. Seimens DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT mrms: > 200 mmo ICOARSE SAND:  2-4.75 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% [COBBLES: 75-200 mmd  [MEDIUM SAND:  .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% |COARSE GRAVEL: 19-75mmé |FINE SAND: .075-.425 mmd {ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
[AND:  35- 50% JFINE GRAVEL 4.75-19 FINES: <,O7m ETC.)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample { Type | Depth ol Recov.
# Cont. | Length TYPE/RESULTS
0-5°* Clayey Loam Silt - grays and browns, moist, some structure, low BH2-1 { A 3 B
plasticity, some tan sand, some organics, trace of oxidation, trace
of fine to coarse gravel
5-7 Silty Clay - dark grays and medium browns, moist, no structure, stiff BH2-2 | T | 67" O | 14" |Pocket Pen:
low plasticity, trace of organics, clay shale (fine gravel grade), 4.4,4.75,4.7
oxidation, organics, and fine to coarse sand Kglem2 @ 7'
7-9 Silty Clay - dark grays and medium browns, moist, firm, low plasticity BH23 | T | 7-8'1 O | 12" |Pocket Pen:
some clay shale ( fine gravel grade), oxidation, fine sand beyond range
9 -11 Silty Clay - dark grays and medium browns, moist, firm to 10' 10", BH24 | T [9-11'] O | 14" [Pocket Pen:
_|soft to firm past 10" 10", medium plasticity, trace of oxidation, fine sand, 3.25,3.0,2.75
changes to some fine sand and oxidation after 10' 10" Kglcm2 @ 11
11'-13" Silty Clay - dark grays and medium browns, moist, soft to firm, BH2-5 | T [11-13] O | 20" [Pocket Pen:
medium plasticity, trace of fine gravel, and oxidation 2.0,16,1.5
Kglem2 @ 13'
Possible Slip Surface @ 12' 2 " - fine sand seams, trace of oxidation
along fracture, somewhat blocky/friable, trace of organics
Possible Slip Surface @ 12' 7" -fine sand seams, trace of oxidation
blocky, nuggety structure, tans browns and dark grays, soft to firm
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |O-TuBE STICK-UP ABOVE GROUND - 43 1/4 * above ground level Depth (ft.)
G- GLASS JAR Bentonite 21
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG Cuttings
C- CORE MISC. TESTS : 132"
SB - SPLIT BARREL [T - TORVANE -
W - WASH H - HEADSPACE VAPOURS Bentonite 15"
SPT- STD. PENETR. TEST Silca Sand a7
DCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log

Department of Civil and Geological Engineering
University of Manitoba
Winnipeg, Manitoba, R3T 5V6

Holes_BHZ
SHEET_20f2

SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD SSA & Push Samples LOGGED BY N. Ferreira/ G. Seimens DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY NON-PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT WBO[}TRS: >200mmb |COARSE SAND:  24.75 mmd SOIL TYPE- COLOUR, MOISTURE GONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. [SOME: 10- 20% {COBBLES: 75-200 mmd |MEDIUM SAND: .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% |COARSE GRAVEL: 19-75mmp |FINE SAND: .075-.425 mmd {ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
JAND: _ 35- 50% |FINE GRAVEL _ 4.75- 19 FINES: <075mmy | ETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth |Sample Recov.
# Cont. | Length TYPE/RESULTS
13'-15' Silty Clay - dark grays and medium browns, firm to stiff @ 14 ', very BH26 | T |13-15] O | 12" |Pocket Pen:
stiff @ 15°, medium plasticity till 14' 8" beyond its low to medium 1.7,1.6,3.3
plasticity, trace of tan fine sand, oxidation, and silt pockets 3.15,4.5
' Kglcm2 @ 14"
beyond range
@ 15’
15'17 Fine Sand - tan with some light grays, free water, dense, some silt, trace|BH2-7 | T |15-17] O | 19"
of fine gravel BH28 | G| 17" | B
SAMPLE CONTAINERS WELL DETAILS/NOTES: Depth ()
SAMPLE TYPE |0-TuBE STICK-UP ABOVE GROUND
G - GLASS JAR
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG
C - CORE MISC. TESTS
SB - SPLIT BARREL [T - TORVANE
W - WASH H - HEADSPACE VAPOURS
SPT- STD. PENETR. TEST
DCT - DYN CONE TEST —




Geotechnical Laboratory - Field Drilling Log HOLE# _BH3
Department of Civil and Geological Engineering SHEET_1of5
University of Manitoba

Winnipeg, Manitoba, R3T 5V6

SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD SSA & Push Samples LOGGED BY N. Ferreira/ G. Siemens DATE Jul 27, 2000 |
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% BOULDE-RS: >200mm$ {COARSE SAND: 2-4.75 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. [SOME: 10- 20% |COBBLES: 75-200 mmd  |MEDIUM SAND:  425-2 mm¢ DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% |COARSE GRAVEL: 19-75mmd  |FINE SAND: .075-.425 mmd {ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
ND: _35-50% JFINE GRAVEL 475 19 mme IFINES: <075mmp I ETC) -
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type Depth }Samplg Recov.
# Cont.] Length TYPE/RESULTS
0- 3.5 Silty Clay Loam - Dark gray, moist, firm, closed small fissures, low BH3-1 [ A | 15 | B T = 1.35 kg/em2
plasticity, some oxidation, trace of organics, gypsum and fine sand
3.5 -5 Silty Clay- Dark gray, moist, soft, small fiisures that are closed, low BH3-2 1 A| 4 | B
to medium plasticity, some fine sand, trace of oxidation and organics
5'-7 Silty Clay - Dark gray, moist. Soft, small fissures that are colsed, low |BH33 | T O | 22" |Pocket Pen =
to medium plasticity, some light gray silt and fine sand 3.5, beyond
range
T=1.38
kglcm2 @ 7'
7'-9"" Silty Clay - Dark gray, moist, very stiff, slickensided at bottom of BH34 | T O {23.5"|PP beyond
Shelby, medium plasticity, trace of light gray silt and fine sand range
T = 1.3 kglem2
9'-11" Silty Clay - Dark gray, moist, very stiff, medium to high plasticity, B35 | T 0 PP beyond
trace of light gray silty pockets range @ 9'
4.0,3.75,3.7
Kglem2 @ 11"
T = 1.75 kg/cm2
11'-13" Silty Clay - Dark gray, moist, very stiff, medium to high plasticity, BH36 | T 0 PP beyond
trace of light gray silty pockets range @ 13'
T = 2.0 kglem?2
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |[O-TUBE STICK-UP ABOVE GROUND - 47 1/4 * above ground level " Depth (ft.)
G - GLASS JAR Bentonite 90
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG Cuttings
C - CORE MISC. TESTS 13"
SB - SPLIT BARREL  |{T - TORVANE Bentonite .
W - WASH H - HEADSPACE VAPOURS 15
SPT- STD. PENETR. TEST Silca Sand a7
DCT - DYN CONE TEST —
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Department of Civil and Geological Engineering
University of Manitoba
Winnipeg, Manitoba, R3T 5V6

Geotechnical Laboratory - Field Drilling Log

HOLE#

BH 3
SHEET_20f5

SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation

CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures

DRILL RIG Pads PROJECT No.

METHOD SSA & Push Samples LOGGED BY N. Ferreira/ G. Siemens DATE Jul 27, 2000
PLASTIC SOILS | _SOIL DESCRIPTION KEY _ PLASTIC SOILS

SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% |[BOULDERS: >200mmy [COARSE SAND: 2-4.75 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT

CONSISTENCY, PLASTICITY, MISC. OBSER. [SOME: 10-20% |COBBLES: 75-200 mmd |MEDIUM SAND:  .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% JCOARSE GRAVEL: 19-75mm} |FINE SAND: .075-.425 mmd {ie. FINES, COBBLES, OX!DATION, DEPOST. STR,,
AND: _35-50% |FINE GRAVEL _ 4.75-19 FINES: <075 mmy _JETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth |Sampld Recov.
# Cont. | Length TYPE/RESULTS
13'-15' Same as 9’ - 11', shiny, possible fracture surface at bottom of shelby, BH3-7 | T 19-11"] O | 24" |T=DNR
except very stiff
15" - 17" Silty Clay- Dark gray, moist, very stiff, medium to high plasticity, BH3-8 | T |15-17'} O | 24" |T=1.9kg/cm2
some silt, fine sand pockets PP =4.25,4.3,4.5
kglem2 @ 17'
17" -19' Same as 13 - 15' - bottom slickenslided BH3-9 | T 17-19' O | 25" |T =1.6 kglcm2
@19"'
PP = DNR
20' - 25° Silty Clay - dark gray, moist, stiff, medium plasticity, slickenslided BH3-10) A | 22' | B T=1.95
surfaces, trace of silt packets, small fissures that are closed kglcm2 @ 25'
Fracture @ 5°' 10" - dark grays and browns, somewhat slickensided
with small closed fissures for half the cross-section, other half tan fine
sand and silt, trace of oxidation, horizontal
Fracture @ 6' 3.5" - light and dark grays, sands and silt within the
fracture, Dip = 20° from horizontal
Fracture @ 6' 6" - slickensided, dark gray and dark browns, some
tan silt and sand, trace of oxidation, somewhat blocky
Fracture @ 6' 7 3/4" - slickensided, dark gray and dark browns, trace
of gypsum, Dip = 15° from horizontal
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |O-TUBE STICK-UP ABOVE GROUND - 47 1/4 " above ground level Depth (ft.)
G - GLASS JAR. Bentonite 2°
T - SHELBY TUBE P - MOISTURE TiIN
A - AUGER CUTTINGS {B - BAG Cuttings
C-CORE MISC. TESTS 13
SB - SPLITBARREL [T - TORVANE Bentonite )
W - WASH H - HEADSPACE VAPOURS 15
SPT-STD. PENETR. TEST Silca Sand 47

DCT - DYN CONE TEST




Department of Civil and Geological Engineering
University of Manitoba
Winnipeg, Manitoba, R3T 5V6

Geotechnical Laboratory - Field Drilling Log

HOLE#

BH3
SHEET _30f5

SITE/LOCATION PR 259 CLIENT " Dept. of Highways & Transportation
CONTRACTOR _ Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD SSA & Push Samples LOGGED BY N. Ferreira/ G. Siemens DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% BOULDE?S: >200mm$ |COARSE SAND:  2-4.75 mm¢ SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% |COBBLES: 75-200 mm$ IMEDIUM SAND:  .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER,
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH:  20-35% |COARSE GRAVEL: 18-75mmé |FINE SAND: .075-.425 mm} {ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
[AND: _35-50% |FINE GRAVEL _ 4.75- 19 mm} ‘FINES: <075mmy ] ETC)
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample { Type | Depth [Sampld Recov.
# Cont.| Length | TYPE/RESULTS
Fracture @ 6'9 3/4" - slickensided, dark gray and dark browns, trace
of gypsum, Dip = 15° from horizontal
Fracture @ 8' 2" - Dark browns and grays, some what blocky, trace
of fine sand, silt, and oxidation, Dip = 23° from horizontal
Fracture @ 8' 4" - Dark browns and grays, some what blocky, trace
of fine sand, silt, and oxidation, Dip = 24° from horizontal
Fracture @ 8' 9" - Dark browns and grays, some what blocky, trace
of fine sand, silt, and oxidation, Dip = 22° from horizontal
Fracture @ 9' - Dark browns and grays, slickensided
Fracture @ 10' 10" - light and dark grays, silt and fine sand seam,
blocky
Fracture @ 11' 7" - dark gray, slickensided, horizontal
Fracture @ 11' 10" - dark gray, slickensided, horizontal
Fracture @ 12' 1" - dark gray, slickensided, Dip = 22° from horizontal
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |[O-TUBE STICK-UP ABOVE GROUND - 47 1/4 " above ground level Depth (it.)
G- GLASS JAR | Bentonite '’
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |8 - BAG Cuttings
C - CORE MISC. TESTS 13
SB - SPLIT BARREL [T - TORVANE -
W - WASH H - HEADSPACE VAPOURS Bentonite 15
SPT- STD. PENETR. TEST Silca Sand a7

DCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log HoLe# BH3

Department of Civil and Geological Engineering SHEET_40f5
University of Manitoba
Winnipeg, Manitoba, R3T 5V6
SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD SSA & Push Samples LOGGED BY N. Ferreira/ G. Siemens DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT mrms: >200 mm) JCOARSE SAND:  24.75 mmb SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% |COBBLES: 75-200 mm¢ JMEDIUM SAND: 4252 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) JWITH: 20 -35% JCOARSE GRAVEL: 19-75mm¢ |FINE SAND: 075-.425 mm (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
AND: _35-50% {FINE GRAVEL _ 4.75- 19 FINES: <075 mmy _J ETC) -~ —
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth Recov.
# Cont. § tength TYPE/RESULTS
Fracture @ 12' 6" - light gray, fine sadn and silt seam looks like fine
sand and silt is bedded on a angle near 70°, may be rotated into place,
Fracture @ 13' 4" - closed
Fracture @ 13’ 8" - light gray, somewhat slickensided, some silt
pockets, some blockyi/friable structure, Dip = 25° from horizontal
Fracture @ 14' 1" - light gray, somewhat slickensided, trace of silt
pockets, some blockyi/friable structure, Dip = 25° from horizontal
Fracture @ 14’ 6" - dark gray, slickensided, Dip = 23° from horizontal
Fracture @ 14" 7" - light and dark grays, silt seam, trace of fine sand,
slightly laminated in the roughly vertical direction, Dip = 230 from
horizontal
Fracture @ 14' 7.5" - dark gray, slickensided, horizontal, slightly
nuggety
Fracture @ 14' 10" - dark gray, slickensided, horizontal, slightly
nuggety
Fracture @ 16' - Dark gray, slickensided, no real plane
SAMPLE CONTAINERS WELL DETAILS/NOTES: i
SAMPLE TYPE |O-TUBE STICK-UP ABOVE GROUND - 47 1/4 " above ground leve! Depth (ft.)
G- GLASS JAR Bentonite 9t
T - SHELBY TUBE P - MOISTURE TiN
A - AUGER CUTTINGS |B - BAG . Cuttings
C-CORE MISC. TESTS 13
S8 -SPLITBARREL |T-TORVANE i
W - WASH H - HEADSPACE VAPOURS Bentonite 15
SPT- STD. PENETR. TEST Silca Sand a7
DCT - DYN CONE TEST




Geotechnical Laboratory - Field Drilling Log
Department of Civil and Geological Engineering

University of Manitoba

Winnipeg, Manitoba, R3T 5V6

HOLE#__BH 3
SHEET _50fs

SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR  Paddock Dritling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD SSA & Push Samples LOGGED BY N. Ferreiral G. Siemens DATE_Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% BOULDE{S: >200mmd JCOARSE SAND:  2-4.75 mmj SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% |COBBLES: 75-200 mm$ |MEDIUM SAND: .425-2 mmé DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% |COARSE GRAVEL: 19-75mmp |FINE SAND: 075-.425 mm (ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
ND: _35-50% |FINE GRAVEL __4.75-19 mmb LNES: <075mmy JETC) -
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth [Samplg Recov.
# Cont. | Length TYPE/RESULTS
Fracture @ 16' 4"- Dark gray, slickensided, Dip = 25° from horizontal
Fracture @ 17'4", 17' 6", 17° 10", 18" 2" - light to medium gray, fine
sand seam along fracture, some silt, no apparent angle, fine sand
seam only covers part of cross-section deeper than 17' 4"
Fracture @ 18’ 4"- Dark gray, blocky/friable, slickensided beneath
blocks
Fracture @ 18' 4"- light and Dark gray, mixture of light gray fine sand
blocky/friable slightly slickensided clay, Dip = 20° from horizontal
Fracture @ 18' 7" - closed fracture
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE {O-TUBE STICK-UP ABOVE GROUND - 47 1/4 " above ground level Depth (ft.[
G - GLASS JAR Bentonite 2
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG Cuttings
C - CORE MISC. TESTS 13
$8-SPLIT BARREL [T - TORVANE Bentonite .
W - WASH H - HEADSPACE VAPOURS 15

SPT-STD. PENETR. TEST Silca Sand 17
DCT - DYN CONE TEST —_—




Geotechnical Laboratory - Field Drilling Log
Department of Civil and Geological Engineering

University of Manitoba

Winnipeg, Manitoba, R3T 5V6

HOLE# _BH 4
SHEET fof2

SITE/LOCATION PR 259 CLIENT Dept. of Highways & Transportation
CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD HAS LOGGED BY N. Ferreira DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0- 10% |BOULDERS: >200 mmé . [COARSE SAND: 24,75 mme SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. [SOME: 10-20% {COBBLES: 75-200 mm$ |MEDIUM SAND: .425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER,
{ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20 -35% |COARSE GRAVEL: 19-75mm$ {FINE SAND: 075-425 mmd {ie. FINES. COBBLES, OXIDATION, DEPOST. STR.,
AND: _35-50% |FINE GRAVEL _ 4.75-19 mm} lFINES: <orsmmy FETC) -
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample t Type | Depth [Samplg Recov.
# Cont. | Length TYPE/RESULTS
Surficial _[Silty Fine Sand - Tan, moist, no structure, no plasticity, some BH4-1 B
Bench Cut jorganics
0- 6" Silty Clay Loam - dary gray, moist, no structure, low plasticity, BH4-2 | SB B
some organics, some tan fine sand
6"- 20" Silty Clay - light to medium gray, moist, blocky/friable, no to low BH4-3 | SB B
plasticity, very stiff, trace of oxidation, some organics
20" - 40" |Fine Sandy Silt - tan, moaist, no structure, trace of oxidation, BH44 | SB B
) low density
40" - 80" |Fine Sandy Silt - tan with some streaks of darker browns and gray, BH4-5 | SB B
moist, no structure, trace of oxidation, low density
60" - 80" |Fine Sandy Silt - tan, moist, no structure, layered with browns and BH4-6 | SB B
grays, trace of oxidation, low density
80" - 100" |[Fine Sandy Silt - tan, moist, no structure, layered (laminated) with BH4-7 | SB B
browns and grays, trace of oxidation, low density
100"-120" |Fine Sandy Silt - tan, moist, no structure, layered (laminated) with BH4-8 | SB B
browns and grays less than above, some of oxidation, dense,
oxidation along sand fractures
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE [O-TUBE STICK-UP ABOVE GROUND - 39.5" above ground leve! Depth (ft.)
G- GLASS JAR Bentonite 20
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |8 - BAG
C-CORE MISC. TESTS Cuttings
SB - SPLITBARREL T - TORVANE
W - WASH H - HEADSPACE VAPOURS ¢
SPT- STD. PENETR. TEST Silca Sand 20'
DCT - DYN CONE TEST




Department of Civil and Geological Engineering
University of Manitoba
Winnipeg, Manitoba, R3T 5V6

Geotechnical Laboratory - Field Drilling Log

HOLE#__BH 4
SHEET 2o0f2

SITE/LOCATION PR 259 CLIENT Denpt. of Highways & Transportation
CONTRACTOR  Paddock Drilling Ltd. PROJECT PR 259 Slope Failures
DRILL RIG Pads PROJECT No.
METHOD HAS LOGGED BY N. Ferreira DATE Jul 27, 2000
PLASTIC SOILS SOIL DESCRIPTION KEY PLASTIC SOILS
SOIL TYPE- COLOUR, MOISTURE CONTENT TRACE: 0-10% |BOULDERS: >200mmé  |COARSE SAND: 2-4.7-5 mmd SOIL TYPE- COLOUR, MOISTURE CONTENT
CONSISTENCY, PLASTICITY, MISC. OBSER. SOME: 10-20% |COBBLES: 75-200 mmé  {MEDIUM SAND: 425-2 mmd DENSITY, GRADATION, GRAIN SIZE, MISC. OBSER.
(ie. ORGANICS, OXIDATION, STRUCTURES, ETC.) WITH: 20-35% JCOARSE GRAVEL: 18-75mmd |FINE SAND: 075-.425 mmé (ie. FINES. COBBLES, OXIDATION, DEPOST. STR..
[AND: _ 35-50% |FINE GRAVEL _ 4.75- 19 FINES: <075 mmp  ETC) -
DEPTH SOIL DESCRIPTION SAMPLE MISC. TESTS
Sample | Type | Depth |Sampld Recov.
# Cont.| Length | TYPE/RESULTS
120"-140" |Fine Sandy Silt - Tan with dark grays and browns, no structure BH4-9 | SB B
trace of oxidation, dense
140"-160" |Fine Sandy Silt - Tan with dark grays and browns, no structure BH4-10| SB B
some of oxidation especially along sand fractures, dense
160"-180" |Fine Sandy Silt - Tan with dark grays and browns, no structure BH4-11| SB B
trace of oxidation,at times layered/laminated, not dense
180"~ 200" |Fine Sandy Silt - Tan with dark grays and browns, no structure BH4-12] SB B
a trace of oxidation,at times layered/laminated, not dense
200" ~220" |Fine Sandy Silt - Tan with dark grays and browns, no structure BH4-13] SB B
trace of oxidation, not dense
220"-240" |Fine Sandy Silt - Tan with dark grays and browns, no structure BH4-14| SB B
trace of oxidation, not dense
SAMPLE CONTAINERS WELL DETAILS/NOTES:
SAMPLE TYPE |O-TUBE STICK-UP ABOVE GROUND - 39.5" above ground level Depth (ft.)
G - GLASS JAR Bentonite 20
T - SHELBY TUBE P - MOISTURE TIN
A - AUGER CUTTINGS |B - BAG
C-CORE MISC. TESTS Cuttings
SB - SPLIT BARREL  |T - TORVANE
W - WASH H - HEADSPACE VAPOURS 18
SPT- STD. PENETR. TEST Silca Sand 20"

DCT - DYN CONE TEST




Appendix D: Borehole Logs



420

418

416

414

412

410

A-1
GSE - 419.62

Elevation
(m) Description

m

10% 30%

50% 70% 90%

Silty Clay - dark gray, soft, blocky/friable,

sand,

L medium plastic, some oxidation, some fine |-

- Silty Fine Sand - tan, wet, low to no
plasticity, trace of oxid., fine gravel to
417.21 m, and coarse sand from 417.21
to 416.32 m,trace of clay

Silty Clay - dark gray, trace of gypsum,

fine sand, silt lenses, and oxidation,
EOH-415.81m

Sand Infilled
Fracture
— — Slickensided Fracture

wP  wl

@ Wn.




A-4

GSE-420.91m
Elevation
(m) Description 10% 30% 50% 70% 90%
421
Fine Sandy Silt - Gray, no plast., trace gmyel. org.. gyp.
3 Silty fine Sand - tan, dry, no plast., no structure, trace
organics, oxidation, med. sand to coarse gravel
Silty Clay - med. to dark gray, moist, free
- water below 419.54 m, no structure, low |-
to med. Plast., with tan fine sand, trace
- oxid., clay shale, med. to coarse gravel |~
419
| Silty Clay - dark gray, no consistency, L
low plasticity, some fine sand, trace of
- medium sand to fine gravel, EOH - -
418.62 m
417
415
413
411
voemeer Sand Infilled Fracture
P
—— Slickensided Fracture l-P—-l @ Wn.
wP  wL




421

420

419

418

417

416

Elevation

(m)

A-5

GSE -420.46 m

Description

10% 30%

50%

70%

90%

Silt with Clay - low plasticity, some to
trace organics, some to trace sand,
trace of gypsum, coarse gravel

Silt with Fine Sand- low plastic, some
oxidation, clay, trace organics, and fine
gravel

Silt with Clay- low plasticity, some
sand,trace of organics, gypsum

(crystal), fine gravel

Silt with Fine Sand - low plasticity, some
clay, trace fine gravel, gypsum (some
crystals), oxidation, EOH - 418.34 m hit
boulder or cobble

Sand Infilled Fracture

Slickensided Fracture

wP wL




TP1
GSE -415.90m

Elevation

(m) Description 10% 30% 50% 70% 90%

i

416 =
Sitty Clay Loam - med. Brown, dry, low fo

- no plast., some organics,oxidation, clay
shale

- Silty Clay - dark gray to grey, low to —
medium plasticty, blocky/friable, some clay
B shale, trace to some fine sand, trace of
organics, slickensides, and oxidation,

414 evidence of free water at 413.9 m

Clay/Clay Shale - grey-brown, free water, low p., oxid.

Silty Clay - dark grey, moist with free water,
medium plasticity, blocky/friable, B
slickensided, trace to some fine sand,
trace of oxidation, EOH -410.9 m

412

410

408

406

weeeee Sand Infilled Fracture

P
— = Slickensided |"——| @ Wn.
Fracture




414

412

410

408

406

404

P2
GSE - 413.27

Elevation

(m)

m

Description 10%

30%

50%

70% 90%

Silty Clay Loam - light to med. gray,
moist, slightly blocky/friable, med. to
high plast., trace of oxid., sand to gravel,
boulders between 412.17-421.67 m

Silty Clay - med. gray-brown, moist, no

struct, low plast., trace of organics,
oxidation, coarse sand

Silty Clay - gray-brown, free water, some
structure, slightly blocky/friable, medium
plasticity, some oxidation, trace of sit,
fine gravel

Failure Surface - slightly slickensided,

Lhiocky/fraible

Silty Clay/Fine Sand - tan and light
brown, drak gray spots, blocky/friable,
stiff, no to low plasticity, some clay,
oxidation, almost vertical fractures with
oxidation, trace fine grave! to boulders

..... ... Sand Infilled Fracture

Slickensided Fracture

P

=

wP wlL

‘ whn.




430

425

420

415

410

405

Elevation

(m)

BH1

GSE -427.14m

Description

10%

30% 50%

70%

90%

Silty Clay - medium gray to tan brown,
low to med. plasticity, blocky/friable,

very stiff, trace of fine sand to boulders, |

trace of gypsum, till-like

Sitly Fine Sand -gray, moist, no to low
platicity, trace fine to coarse gravel,
some clay particles

Silty Clay - same as 427.14 t0 424.10 m

Silty Fine Sand - same as 424.10 - 422.00

1

Silty Clay - dark gray, moist, low to
med. plasticity, very stiff, some sand
and silt pockets

Fine Sand/Silt - med. gray, no plast., trace oxid

Clayey Silt - varved, medium gray, low
to medium plasticity, stiff, some
oxidation and fine sand, trace of
gypsum

Silty Clay - slightly varved, medium to dark
gray, moist, medium to high plastic, trace to
some silt pockets

Clayey Silt/Silt - sometimes varved, med. to
dark gray, moist, striff, no to low plasticity

Silty Clay - slightly varved,med. to dark gray,
moist, very stiff, medium to high plasticity,
trace of silt pockets

Silty Fine Sand - same as 417.7-416.8 m, EOH-402.8 m

«eseeee - Sand Infilled Fracture

— —. Slickensided Fracture

Whn.




423

421

BH2

GSE -422.71m

Elevation

(m)

Description

10% 30% 60% 70%

90%

Clayey Silt Loam - grays and browns,
moist, some structure, low plasticity, some
tan sand, trace of oxidation and fine to
coarse gravel

Silty Clay - dark grays to med. Browns,
moist, decreasing from firm to (soft to
firm) to 418.75 m, firm to stiff between
418.75 m and 418.14 m, blocky/friable
structure, low plasticity from 421.19 m to
420.60 m, med. plasticity from 420.60 to
418.14 m, some fine gravel (mostly clay
shale), trace fine sand and oxidation

419

417

415

413

.\,

Fine Sand - tan light grays, free water,
dense, some silt, trace of fine gravel,
EOH-417.53 m

eeneeee. SaNd Infilled Fracture

Slickensided Fracture




BH3

GSE-419.12m
Elevation o
(m) Description 10% 30% 50% 70% 90%

420

Silty Clay Loam - dark gray, moist, firm,
- fissures, low plasticity, some oxidation, B
trace of fine sand

Silty Clay - dark gray, moist, very stiff,

418 medium to high plasticity, trace of light -
gray silt pockets and fine sand, EOH - ¢
L 4115 ,
—===
416 prmmmmmer

==
414 — .
412
410
_______ Sand Infilled
Fracture P
— — Slickensided Fracture | | ® wn.

wP  wlL




BH4

Elevation GSE-411.81m
(m) Description 10% 30% 50% 70% 90%
412
Silty Clay Loam - dark gray, low plast,
Fine Sandy Silt - tan to 408,76 m, tan
3 with dark grays beneath 408.76 to EOH, |~
moist, no structure, low densitycept from
i 414.35 t0 407.75 m, laminated between
i 409.78 m to 406.73 m, trace to some
oxidation, EOH - 405.71 m
410
408
406 | i
404
402
....... Sand Infilled Fracture
P
— — Slickensided Fracture F— @ Wn.
wP  wlL




Appendix E: Grain Size Distribution



Grain Size Analysis Summary

Borehole: A1
Sample Depth (m) | % Sand % Silt % Clay
A1-3 0.381 0.00% 24.00% 76.00%
A1-4 0.6096 0.00% 66.00% 34.00%
A1-8 1.397 0.00% 40.00% 60.00%
A1-13 2.1082 20.00% 51.00% 29.00%
A1-15 2413 10.00% 59.00% 31.00%
A1-19 3.2766 55.00% 30.00% 15.00%
Borehole: BH1
Sample Depth(m) | % Sand % Silt % Clay
BH1-10 5.50 0.00% 55.00% 45.00%
BH1-12 7.31 0.45% 61.55% 38.00%
BH1-17 13.00 0.00% 70.00% 30.00%
BH1-19 16.00 0.00% 50.00% 50.00%
BH1-22 19.20 0.00% 43.00% 57.00%
Borehole: BH2
Sample Depth (m) | % Gravel % Sand % Siit % Clay
BH2-1 0-1.52 21.68% 26.34% 32.50% 19.48%
BH2-2 1.80 12.00% 36.00% 26.00% 26.00%
BH2-2(2) | 1.96-2.13 7.06% 40.50% 28.94% 23.50%
BH2-3 249-2741 12.99% 45.22% 22.29% 19.50%
BH2-4 3.05-3.22 0.00% 0.00% 68.00% 42.00%
BH2-4(2) | 3.23-3.35 0.03% 2.83% 51.62% 45.52%
BH2-5(2) | 3.73-3.84 0.00% 12.35% 37.85% 25.50%
BH2-6 4.27 -4.57 0.00% 2.00% 66.00% 42.00%
Borehole: BH3
Sample | Depth(m) | % Gravel | % Sand %Silt | % Clay
BH3-1 0-1.07 0.00% 2.22% 40.42% 38.20%
BH3-2 1.07 - 1.52 0.00% 1.02% 68.98% 33.00%
BH3-3 1.68 0.10% 0.23% 49.67% 50.00%
BH3-3(2) | 1.91-1.98 0.00% 0.00% 23.00% 57.00%
BH3-4 2.31-2.41 0.00% 0.73% 48.93% 48.20%
BH3-5 3.175 0.00% 12.00% 32.00% 56.00%
BH3-6(2) | 3.4-3.51 0.00% 0.29% 47.71% 52.00%




BH3-6 3.81 - 3.96 0.00% 0.00% 48.00% 52.00%
BH3-7 3.96 -4.17 0.00% 0.00% 45.00% 55.00%
BH3-8 457 -4.70 0.00% 0.00% 48.00% 52.00%
BH3-8(2) 15.00-5.18 0.00% 2.28% 39.72% 58.00%
Borehole: TP1
Sample Depth (m) | % Gravel % Sand % Silt % Clay
TP1-2 05-1.0 40.00% 39.00% 10.00% 11.00%
TP1-8 34-38 0.00% 4.00% 22.00% 74.00%
Borehole: TP2
Sample Depth (m) | % Gravel % Sand % Silt % Clay
TP2-2 0.25-0.6 1.00% 8.00% 23.00% 68.00%
TP2-6 1.8-2.1 7.00% 53.00% 21.00% 19.00%
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Project: PR259

Borehole: A1-3 Depth: 0.381 m

Date: July 26, 2000
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Borehole: A1-4 Depth: 0.6096m

Project: PR259

Date: August 1, 2000
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Project: PR259
Sample: A1-13 Depth: 2.1082m
Date: August 4, 2000
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Project: PR259
Sample: A1-15 Depth: 2.413m
Date: August 4, 2000
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Borehole: A1-19 Depth: 3.2766m

Project: PR259

Date: Aug 2, 2000
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Borehole: TP1-2 Depth: 0.75m

Project: PR259

Date: Feburary 18, 2001
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Project: PR259

Borehole: TP1-8 Depth: 3.6 m

Date: Feburary 18, 2001
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Project: PR259
Borehole: TP2-2 Depth: .25 -6 m
Date: Feburary 18, 2001
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Project: PR259

Borehole: TP2-6 Depth: 2.00m
Date: Feburary 18, 2001
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Project: PR259
Borehole: BH1-12 Depth: 7.01 -7.62 m
Date: November 22, 2000
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Project: PR259

Borehole: BH1-10 Depth: 5.18 - 5.79 m
Date: November 20, 2000
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Project: PR259
Borehole: BH1-17 Depth: 12.19-13.72 m
Date: November 17, 2000
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Project: PR259

Borehole: BH1-19 Depth: 15.24 - 16.76 m

Date: Nov 14, 2000
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Project: PR259
Borehole: BH1-22 Depth: 19.20 m
Date: November 20, 2000
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Sample: BH2-1 Depth:0-1.52 m

Project: PR259

Date: June 28, 2001
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Project: PR259

Sample: BH2-2 Depth: 1.80-1.93 m
Date: November 6, 2000
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Project: PR259

Sample: BH2-2(2) Depth:1.96 -2.13 m

Date: April 18, 2001
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Project: PR259

Date: April 19, 2001

Sample: BH2-3 Depth:2.49-2.74 m
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Project: PR259

Sample: BH2-4 Depth:3.06 m

Date: November 6, 2000
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Project: PR259
Sample: BH2-4(2) Depth:3.23 -3.35 m
Date: June 28, 2001
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Project: PR259

Sample: BH2-5(2) Depth:3.73 - 3.84 m
Date: June 28, 2001
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Project: PR259
Sample: BH2-6 Depth:4.267-4.572 m
Date: November 6, 2000
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Project. PR259
Sample: BH2-7 Depth:4.89 - 5.05 m
Date: December 28, 2001
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Project: PR259
Sample: BH3-1 Depth: 0-1.07 m
Date: June 26, 2001
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Project: PR259
Sample: BH3-2(2) Depth:1.07 - 1.52 m
Date: June 26, 2001
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Project: PR259

Borehole: BH3-3 Depth: 1.57 - 1.78 m
Date: November 20, 2000
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Project: PR259

Sample: BH3-3(2) Depth:1.91 - 1.98 m

Date: June 28, 2001
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Project: PR259
Sample: BH3-4 Depth:2.331 -2.413 m
Date: June 26, 2001
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Borehole: BH3-5 Depth: 3.175 m
Date: November 20, 2000
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Project: PR259
Sample: BH3-6(2) Depth:3.40-3.51 m
Date: June 18, 2001
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Project: PR259

Sample: BH3-6 Depth:3.81-3.96 m

Date: April 18, 2000
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Project: PR259
Sample: BH3-7 Depth:3.96 - 4.17 m
Date: November 6, 2000
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Project: PR259
Sample: BH3-8 Depth:4.57-4.70 m
Date: April 19, 2001

90.0

4*0—#0\’\

80.0

o]

70.0

60.0

w A~
S o o
o o o

20.0

10.0

0.0

10.000

1.000 0.100 0.010

0.001

GRAVEL

SAND

fine

coarse

- SILT
medium fine

CLAY

Diameter (mm)



100.0

% Passing

90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

Project: PR259
Sample: BH3-8(2) Depth:5-5.18 m
Date: June 26, 2001
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A. Dean Gould, P. Eng. & Associates W

Geotechnical Consultant —'H"“U—r———-—u“.,—

May 17, 1993

File No. 3016

M. M. Dillon Ltd.,

6 Donald Street South,
Winnipeg, MB

R3L 0K6

Attention; Mr. J. Ewing P.Eng'

Dear Sir; | |

Re, V‘rden Water Supply Plpellne Preliminary Geotechmcal Consideratlons
1.0 General ‘

A replaoement‘water supply pipeline Is proposed for the Town of Virden leading from a new
well source to the existing reservolr, treatment plant and pumphouse. This pipeline is to be
"a buried line, below frost level 250 mm in diameter. The route selection of the pipeline is
one facet of this preliminary investigation from which soll conditions, groundwater.
conditions and Assinibolne valley wall stability problems can be Identiﬁed and assessed. ‘.

1.1 Subsurface Investigatlon

'~ Following the site Inspection of April 23, 1993 a subsurface Investigation of the proposed
plpeline route from the new well location SE1/4- 31-10-25W . along PTH 259 to the Town
‘of Wrden was undertaken on May 3, 1993.

The subsurface investigation consisted of 10 augured tests holes extending to depths from
4.6m to 9.14m. The deeper test holes (TH-1, TH-2, TH-3, TH4,TH-5,TH-10) concentrated _
upon subsurface conditions throughout the westemn Assinlboine Valley wall In an effort to
determine soll and groundwater characteristics that may be responsible for indicated slope
movements along PTH 259. These slope movements may Inﬂuence the lomon of the
supply line and the design.

20 Prehmlnary Soil Profile
" 21 Pipeline Route NE 25-10-26w to NE 22-10-26W

The soil proﬁe along the PTH 259 right of way from the top of the Assiniboine valley wall
to the Town of Virden, as determined from visual examination of soll samplee obtained from
test holes (TH-5 to TH-9) consists baslcally of fine sand overlying a siity clay. The depth
of the fine sand varies from a minimum of 0.91m (THS) to 6.4m (IH-7). Coarse sand
occurs immediately above the clay or in zones within the clay which Is water bearing. Water
levels below ground surface were found to vary along the route from a minimum of 2.3m
(TH-8) with sand to the near surface clays (TH-5). Since these test holes were located within

18 BRENTLAWN BLVD., WINNIPEG, MAN.I'T(-)BA R3T 4X8  (204) 269-2829
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the highway ditches, the water table is approximately 3.3m below the prairie level for the
majority of the route. The position of the water table may vary seasonally with precipitation
as indicated by the oxidization of the soll samples, Elevations and pipeline profile data have
yet to be correlated to establish the problem areas. . :

2.2 Pipéline Route from New Wells to R.M. of Woodworth boundary

The pipeline route from the well to the crest of the valley wall has several altematives from
a geotechnical aspect. Surface indication of slope instabllity immediately adjacent PTH 259 .
is evident. The cause of this instabllity cannot be detérmined from this preliminary
investigation, however the fallure surfaces may be tangent to the shale surface indicated In
“TH-1, or within the stratified clays at higher elevations. TH-10, located at the toe of a slope
in motion, high above the valley base, indicates a wet oxidized sand seam within the varved
clay strata at a depth of 8.4m below the PTH 259 south ditch Invert. TH-3 and TH-4 located
“along the south right of way, some distance from the road, suggest a direct route away
from the road may bé more stable. Solls indicated at the valley crest, consist of
approximately 1.5m of ‘a bouldery gravel till overlying a bouldery clay till. At the lower
reaches the fine sand Is dry, and extends to a depth of over 6.8 metres.

3.0 Depth of Pipeline Bury

The depth of bury. required to protect the line from freezing during sustained. fow
temperature periods Is govemned by the soll characteristics-and the sustained temperatures
under snow cover conditions. Molsture content and density, critical factors in computing
the probable depth of frost-penetration vary considerably but are estimated at 10% for
sands above the water table at a dry density of 110 p.c.f. - Applying the modified Berggen
‘equation for a sand, and 3000 degree days of frost annually, the frost depth Is computed
between 64 Inches and 43 inches depending upon the snow cover. Since the Virden area
_rarely Has deep snow cover, 1t Is wise to consider the deeper bury as a minimum, and 78
inches (2.0m) Is recommended to provide additional protection for surface Iregularities and’
material molsture and density variations.- . '

4.0 Pumphouse Foundations

Informal logs of the test well produced by Paddock Drilling in April 1993 at the site of the
permanent well Indicate 60 feet (18 metrés) of clay overlying sand and gravel to a maximum
depth of 80 feet( 24.4 metres). The permanent well and the formal log have yet to be
produced. Pumphouse welghts re M. M. Dillon will be In to order of 2000 Ibs which
produced relatively low unit loading on a slab or spread footing. The clay solils of the Virden
area generally have high siit content and there is a high potential for frost heave.-
Foundations to provide stability can either be deep units which obtain support within clays
below frost penetration depths or flexibiiity can be incorporated into the connections and
lines to permit movement without stressing the joints. For high pressure lines, flexibllity may .
be difficult mechanically to Incorporate and expensive, consequently a deeper foundation
may prove desirable. . . : : ' S

A deep foundation alternative should conslst of driven or cast-in-place pllings extending to

minimum depths of 15 feet ( 4.5m) and plle caps or slabs should be provided with an

underside vold or compressible material of at least 150mm in thickness to permit sofl
movement without adding stress to the structure. . : '



Alternatively, a Slab-on-grade structure may prove more more economical, however,
normally, soil surface movements can be up to 150mm annually, consequently considerable
flexibility must be provided in all pipe and service connections. Frost actlon can be reduced
with the provision of a heated space and 6-Inches of rigid, high density, insulation installed
‘below the base, extending for a minimum of 2 metres from the perimeter of the slab. The
insulation should be covered with a minimum of (8-Inches) 250mm of granular material for
protection. The granular base material should be graded and the area of the pumphouse
elevated (perched) to ensure drainage and minimize frost action.

5.0 Preliminary Summary

_The pipeline route ieading from the new wells, which would appear to present the least
stabllity problems, appears from this preliminary review, favours a position away from PTH
259 rising from the valley floor directly up the valley wall to the pralrie leve! along the south
right of way fimit. A highway ditch location for this pipeline section, may encouriter high
groundwater levels and trench Instabllity. A potential does exist for adding to current
highway embankment instabllity problems and the line malntenance, operation and liabllity
consequences must be recognized. The boulders embedded into the solils will pr%ent
excavatlon problems and requlre careful attention to pipe bedding and backﬁ(l S

From the valley crest to the Town of Virden, solls are predominately fine sands and the .
groundwater table which is known to fluctuate seasonally, may produce trench Instabllity
problems. at lower pipeline sectors. A pipeline location at pralrie leve!, above the highway
ditch line Is recommended, providing right-of-way is available at reasonable cost. A slightly .
higher location at prairie level, would enable depth-of bury to be obtained for frost
protection, yet slgniﬁcanﬂy reduce the risk of trench insmbﬂrty ‘

Respectiully Submitted,

~ A. Dean Gould P.Eng.
Geotechnical Consuttant

S gan




i jon; T ' i No. 1. § .
Ww Location; Town of Virden, Manitoba T&etHo@eA Project No. 3016
PROJECT DESCRIPTION;  Vicden Water Supply Pipeline Replacement DRILLING DATE;  May 3, 1993

New Well to Reseqvoir DRILLER; . Ltd. Beat22
CUENT; M. M. Dillon Lid, LoGGep ¥ "9 :
- -. 2 . N £0.
381.085 lf{ f1 0-0.3m_ Brown, clayey moist sand
o
. *) ‘:
e
im e
A 03-290m Fine brown Sand some
X | 380.178 silt and frost
wr | 182 e
.\ - 'l
A
2m L
g - \1:
Y '(‘ -
1,%] 29-5.18 m ‘Brown, firm, sitty sandy clay
- [z 3rees Till with shale particles i i
3m ’ ' and oxide inclusions. Cobbles |
47 and boulders at 6.1 m
3 %s ‘ .
1R2 d o«
4m ’
523015 ‘ﬂ 518-911m Dark gréy Shale, plastic,
) 375.905 firm, as soapstone , greasy -
1R3 14 firmer below 6.85 m
5m : 9.14 m Bottom of Test Hole
§748bs ==t |
- | | . : s
1R4 ==
6.86m :'_-_;:if
6m == - ]
1RS ==
| . ===
7m == -
| ==
LEGEND TOPSOIL sy BROWNCLAY TESTPT No. 1
. SAND AND GRAVEL STHL GREY CLAY : ,
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Associates Location; Town of Vicden, Manitoba | TestHole No. 2 Project No.

tneers " 3016
_ || PROJECT DESCRIPTION;  Virden Water Supply Pipefine Replacement DRILUNG DATE;,  May 3, 1933
: New Well to Reservoir ORILLER; _ . Ltd. Beat 22
_CLIENT: YR 13d lmmnvg‘%aggﬁd&
jﬁ‘ g™ | ELEv. b SOIL DESCRIPTION MOISTURE CONTENT (%)
P 20. 8} B0
388.151 * -:_ 0 -3.05m_ Brown, fine clean Sand
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e
1m \:‘_:. A
ce &£
)’:’3‘1
Y
e I I
2m 3k
3.05-6.85m Brown fine clean sand
3 385.101 with clay and shale particles -
m water at 6.85 m ( 381.301 )
2R | 35D,
T l4m i
sm |54 -
| £
. .& - -
2Rz -1 G0 e
om [ -
2R3 m‘ - ';}( )
s3] 6.85-8.08 Grey clayey Sand mix. wet
‘% -3} 381301 ~ plastic ’ €
2r4 | 782m R W , NN DO N
"17m . //é/
/ 8.08 - 9,14 m Brown wet, siity Sand
am -380.071 with occ. stones, slough @ 8.5m
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EDrn Satagnleyes

Location; Yowm of Virden, Manitoba Test Hole No. 3 Project Na.

3016

PROJECT DESCRIPTION; vmenwm&myﬁpeunenepmm '

DRILLING DATE; May 3, 1933

New Well to Reservoir DRILLER; . i tid. Beat
CLENT: YRT! 1 lnnnpnnwwgggggmﬁ- 2
r o I o Ak et I Sou pescrPTioN _MOISTURE CONTENT (X
3 . 0. 80
426.981 2 § 0 - 0.30m_Black, organic Topsoil
90 0.3 -0.76 m Dense, boulders and
Obo| 426681 cobble Till
11 % -0.76 - 1.562 m Brown, moist, fi fne siity
im 1L 426221 Sand
§Al .
147 1.52 -7.62 m Brown, fine silty, sandy
N 425.461 clay Till, with oxide inclusions
® Stone sizes to 2.56mm, Shale
°m fragments. Cobbles and
boulders throughout.
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" &%MW Location; Town of Virden, Manitoba | TestHole No. 4. Project No. 3016
’ PROJECT DESCRIPTION;  Virden Water Supply Pipeline Replacement DRILLING DATE.  May 3, 1993
New Well to Reservoir DRILLER; . Ltd. Brat 22
_CUENT- 84_A4 184 . 10Geen gvg .ﬂ%j‘iﬂg"“
Eﬁg P | ELEV. b SOIL. DESCRIPTION MOISTURE CONTENT (%)
“fs 20 4 80
428734 log.-3| 0 - 0.15m - Black, organic sandy Topsoil
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kO.e
)
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’ o] 427524 Mp-Hp clay till with
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2m 53??.& 426.454 alkali incluslons, shale pleces
rrye and occaslonal oxides.
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T4 425694 siity Clay. mp-hp molst, small
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and 1 FOqY; adanitoba Test Hole No. § .
l &e%m'g‘ Associates Location; Town of Virden, s, Project No. 3016

PROJECT DESCRIPTION;  Virden Water Supply Pipefine Replacement DRILLING DATE;  May 3, 1993

RNew Well o Reseqvoir DRILLER; Ld. Beat 22
C1 IENT: YR : LOGGEN M«g\aﬁ
B e ELEV. ' SOILDESCRIFTION ~ MOISTURE CONTENT (%)
gy . P o
441.658 0-091m_Brown, siity sandy loam and
gravel fill, with boulders
0.91 -1.52m Grey-brown fine siity sandy
im 440748  clay Till. Contains shale and
: sand with oxidized inclusions.
sR1 15298 - 7B and less clay 1.5-2.2m
- A1 1.52 6.10m Dark brown firmn highly
154 440438 plastic siity, sandy Till.
2m Contains shale particals, very
hard, some oxidization
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&%MW Location; Town of Virden, Manitoba Test Hole No. 6. PmiectNo_301G
PROJECT DESCRIPTION;  Virden Water Supply Pipeline Replacement | DRILLING DATE;  May 3, 1993
New Well 0 Reservoir DRILLER; . td. Brat
_CUENT: 084 Lid naeen gSNe .ﬂﬁg’?ﬁ‘@m 2
ELEV. SoiL. MOISTURE
B | e b DESCRIPTION | o MOONEENT X
441.039 ?ﬂ 0-0.30m Brown, organic sandy topsoil
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Tm ]| 430963  Contains lenses of sand,
133 oxidized.
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2m N\ N 2.4 m depth. Elev. 438.639
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mwm Location; Town of Virden, Manitoba Test Hole No. 7. Project No.
Neers 3016

' PROJECT DESCRIPTION;  Virden Water Supply Pipeline Replacement DRILLING DATE;  May 3, 1993
New Well to Reservoir DRILLER; . tid. Beat 22
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W‘MW Location; Town of Virden, Manitoba est No. 8. ' Project No 3016
PROJECT DESCRIPTION;  Virden Water Supply Pipeline Replacement DRILLING DATE,  May 3, 1993
New Well to Reservoir DRILLER; t4d. Brat 22
CUENT: B4 _§4 13d 106G m&:@
Eﬂg R ELEV. b SOIL DESCRIPTION MOISTURE CONTENT (%)
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1 . h Test Hole No. 9.
Mﬂé&w Location; Town of Virden, Manitoba Froject No. 3016

PROJECT DESCRIPTION;  Virden Water Supply Pipefine Replacement DRILLING DATE; May 3, 1993 '
New Well to Reservoir DRILLER; . il Ltd. Brat 22

L1 IEMT 84 84 1A 1OGGED

20

m& PG;m TH ELEV. . b . SOl DESCRIPTION MOS‘UFE. mﬂllmlg(’f-)

441340 {%7s| 0-0.09m Topsoil
el 0.09 - 457m Fine, moist, clean brown
"1 441.250 Sand.

im _\,{'l'(

2m g , .
: Water at 3.65 m Eev. 437.690

kLo, 088
o .

LE A
hS B0 5y 0

'.[t’}

w
3
o}
iy

L3r)
l..
z‘-‘

[

o 45408
o e b,
-
. 4
AR\ A0ty

F

4m

““ " A
u’l‘ s
seal te

2

R1 70, . o
9 4o 457 Bottom of Test Hale . 4

436.770

S5m

| 6m

7m

LEGEND TOPSOIL ST . BROWNCLAY TESTHOLENo. 9
SAND AND GRAVEL e GREY CLAY .
PLASTIC LIMIT Koo LIQUID LIMIT "

qt = Diontaed Compeascion Srength {da) _



benSeagg fepas
HIers

Location; Town of Virden, Manitoba Test Hole No. 10 Project No.

3016 "

PROJECT DESCRIPTION; Vudénw?ﬁersmptyﬁpeaneaeptaoanem

DRILLING DATE; fMay 3, 1993
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New Well to Reservoir
C1IEMT- 84 54 154 :
410540 ///, 0-0.76m_ Silty clay Fill
A |
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NOTE: THIS ACREAGE (12.5)
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