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ABSTRACT
The SPT and CPT are two commonly used in-situ tests to determine potential for
liquefaction in sandy soils. Results from in-situ testing at Syncrude’s Aurora
Tailings Dam showed conflicting results between the SPT and CPT data. It was
found from testing at the Massey Tunnel site that the discrepancy between the
SPT and CPT data was likely caused by the weight of the SPT equipment
coupled with the generation of excess pore pressures due to the dynamic nature

of the SPT.

It was found that the weight of the SPT rods, sampler and hammer have a
significant impact on the blow count. Furthermore, it was found that positive or
negative excess pore pressures could be generated during the SPT depending

on the relative density of the sand.
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1.0 INTRODUCTION

1.1 Background

Syncrude operates the largest oil sands production facility in the world by
producing crude oil from tar sands and is responsible for over 13% of Canada’s
oil production. The oil sand is mined from three mines including the Base Mine,
North Mine and Aurora Mine. The tailings resulting from processing of the oil
sand are piped as slurry from the processing plant to the tailings ponds where
they are deposited.

Normally, tailings would be deposited on a beach via a pipeline where the
coarser particles settle out and the majority of the fines and water continue down
to the pond. The material that is deposited on the beach slope above the
waterline is called 'Beach Above Water' (BAW). The remaining particles that
continue to travel down the beach slope and deposit on the underwater beach
slope are called 'Beach Below Water' (BBW).

Previous research such as the Canadian Liquefaction Experiment (CANLEX) has
shown that sand deposited as beach below water can be very loose and may be
susceptible to liquefaction (Robertson et al. 2000). In addition, previous
experience at Suncor Energy Inc. showed that rapid construction on top of loose
BBW sands could lead to a loss of stability and flow slides into the tailings pond.

in response to the construction of beach below water deposits, Syncrude
undertook a field program to evaluate the liquefaction susceptibility of the sand
deposits. Such an evaluation is typically conducted using both Standard
Penetration Testing (SPT) and Cone Penetration Testing (CPT). The
investigation found that the SPT and CPT results did not correlate well with each
other.

Lack of correlation between two methods of site investigation (in this case the
SPT and CPT) may result in uncertainty in the data. This may result in over
conservatism or under conservatism in design depending on which
measurements are used in the analysis. The engineer may wonder which results
better reflect the actual properties of the soil under investigation.

1.2 Previous Work

The Canadian Liquefaction Experiment (CANLEX) was a major collaborative
research project undertaken to study the phenomenon of soil liquefaction in
saturated sandy soils.

As part of CANLEX, a study of blast induced liquefaction was also conducted. In
the experiment, single and multiple explosive charges were detonated in a level
deposit of loose sand in J-Pit at the Syncrude site. At a depth of 6 m, in a level
deposit of saturated Syncrude tailings, residual pore pressures were observed
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and cyclic liquefaction occurred as a result of single and multiple charge
explosions (Al-Qasimi et al. 2005).

After the identification of loose BBW sand, Syncrude performed a field
experiment at the Aurora tailings dyke by loading an area of BBW material with a
16 m high embankment, resulting in an increase in effective stress of about 300
kPa on the BBW material. It was hypothesized that the increase in vertical stress
in the loose BBW material would result in an increase in the relative density of
the material. The results of the test showed an increase in both the cone
penetration resistance and the shear wave velocity of the deposit, indicating an
increase in density of the material, and that liquefaction of the tailings at the pond
load test site was unlikely (Robertson 2004). The results of the site
investigations and the Aurora pond load test are further analyzed and discussed
in this thesis.

1.3 Objectives

In order to evaluate the potential for liquefaction in the Aurora tailings dyke,
Syncrude initiated a field investigation program to ascertain the in situ state of the
tailings. The field investigation program consisted of both standard penetration
testing (SPT) and cone penetration testing (CPT) which were performed in areas
of the dyke where BBW sand was deposited. The results of the investigation
indicated two things. Firstly, that the BBW sand deposit may be susceptible to
strain softening in undrained simple shear. Secondly, that the SPT and CPT
results differed to some degree and did not correlate with each other in a manner
consistent with the literature.

SPT and CPT results are normally compared by a ratio of the CPT tip resistance,
de, to the SPT blow count, N (the q¢/N ratio). Based on previous research
presented in the literature, one would expect a qc/N ratio of 5 for sand (Robertson
et al. 1983), when g is in units of atmospheric pressure (e.g. bar or tsf). The
de1n/(N1)eo ratio can also be used to compare CPT and SPT results in a similar
manner, where qc1n is the normalized cone resistance and (N1)gois the
normalized SPT blow count corrected to 60% energy. At the Aurora tailings dam,
gein/(N1)so ratios between 3.7 and 8.2 were measured. Moreover, the gcin/(N1)so
ratio was found to be dependent on (N1)eo.

This observation raises questions over which in-situ test results should be used
in a liquefaction analysis. The objective of this research is to evaluate and
explain the variation in the qc1n/(N1)so ratio and its apparent dependence on the
blow count, as shown in Figure 3.5 in Section 3.8.

For this research, it is postulated that the SPT test results may be misleading in
very loose sands because of either one or both of the following two hypotheses:
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1. In very loose sands, the weight of the SPT rods, hammer and sampler can
overwhelm the resistance to penetration resulting in lower blow counts
relative to the equivalent blow count obtained from the CPT.

2. The SPT itself may cause small zones of liquefaction in and around the
sampler shoe in loose BBW sand. It may be that the dynamic nature of
the SPT test in loose fine sand may cause a cyclic increase in the pore
water pressure around the sampler shoe. If the pore pressure in the sand
rises high enough to equal the overburden stress, the effective stress at
the test depth could fall to zero causing a condition of cyclic liquefaction. If
this were to occur, the measured SPT N-values could appear lower than
the equivalent N-values obtained from the CPT and hence, may not
represent the actual strength of the sand. It should be noted that it would
not be necessary for full cyclic liquefaction to occur for N-values to be
affected. Any significant increase in pore pressure due to the test could
result in a decrease in effective stress and penetration resistance resulting
in a decrease in blow count relative to the equivalent blow count obtained
through the CPT (which is essentially a drained test).

The objective of this research was to evaluate the aforementioned hypotheses or
to identify an alternate explanation for the observed apparent discrepancy
between the CPT and SPT data.

In order to evaluate the first hypothesis mentioned above, an analysis of the
Aurora Pond Load Test data was conducted. The effect of the weight of the SPT
equipment was also examined based on previous research (Schmertmann 1979).
An extension of previous research allowed for the prediction of the penetration of
the sampler at the base of a borehole due solely to the weight of the SPT
equipment.

In addition, a field program was developed to investigate the second hypothesis.
In order to accomplish this, an SPT sampler was designed and constructed with
a pore pressure transducer located just above the cutter shoe that allowed
measurement of pore water pressure during the SPT. This test will be referred to
as the Standard Penetration Test with pore pressure measurement (SPTu).
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2.0 LITERATURE REVIEW ON THE SPT AND CPT

2.1 General

This section presents a review of literature on the SPT and CPT, which is
deemed relevant to this research.

2.2 Standard Penetration Testing and Factors Affecting its Results

2.2.1 Overview

The standard penetration test (SPT) is the most widely used in-situ soil test in the
world. Much research has been presented in the literature concerning the SPT
over the last 30 years. The extensive use of the SPT has resulted in a number of
useful correlations that allow engineers to apply SPT results directly to design for
shallow and deep foundations as well as liquefaction analyses. Unfortunately,
there are a number of limitations of the SPT especially concerning the variability
and repeatability of results. Such variability in procedure was examined in detail
by Kovacs (1981) and others. This section discusses a number of factors, which
influence SPT results as well as the use of the SPT in liquefaction evaluations.
Figure 2.1 shows a simplified diagram and a photo of an SPT set-up.

A R R

Crown sheave(s}
or pulleys(s)

Typicaly 1 inch dia

Y manita rope
Rotating ’
cathead
L

Doughnut
hammer -
Stipor
guide pipe
Anvil
Drill rod

Ground surface
St
:':f«- Borghole
=y
1T 18inch
¥

Figure 2.1: Standard Penetration Test
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2.2.2 General Considerations

The wash boring technique or rotary drilling with a tricone bit should be used to
drill the hole. The hole should be flushed with mud or water and should be
maintained up to the ground water level (Skempton 1986).

The SPT should be conducted in boreholes between 65 mm and 150 mm in
diameter, though preferably not more than 100 mm in diameter with the casing (if
used) not advanced beyond the bottom of the hole (Skempton 1986).

It is now common practice to determine N between 15 and 46 cm (6” and 18”) of
penetration, as it is recognized that the first 15 cm (6 inches) may be a zone of
disturbance from drilling.

2.2.3 Energy

Despite attempts to standardize the SPT, there remains widespread variation in
the energy efficiency (energy reaching the sampler compared with the theoretical
maximum potential energy of the SPT) of SPT hammer/anvil systems. As a
result, itis clear that SPT N values must be corrected to a standard energy ratio
(ER). ltis standard practice to correct measured N values to an energy ratio of
60% of the potential energy of the hammer at the top of the stroke. In order to
accomplish this, the energy reaching the sampler must be measured. The
corrected SPT N values then become Ngo values. Schmertmann and Palacios
(1979) showed that the blow count in a given sand is inversely proportional to the
drill rod energy. In addition, Robertson et al. (1983) presented SPT data from the
same borehole using two different hammer types in alternating tests. They
measured significantly higher N values but lower ER in the tests where a donut
hammer was used compared to results measured using a safety hammer. When
the results were corrected to a constant energy (in their case an ER of 55%), the
results showed a consistent SPT profile.

In general, there are two computational procedures to measure the energy
efficiency of SPT systems, the force velocity (Fv) method and the F? method.
Studies have shown that the Fv method is more accurate than the F? method,
which may result in greater variability (Butler et al. 1998; Farrar 1998). However,
itis generally recommended that both Fv and F? data should be collected.

2.2.4 Drill Rod Influence

Research conducted by Schmertmann and Palacios (1979) indicates that the
theoretical maximum possible energy ratio decreases for decreasing drill rod
lengths less than approximately 10 m. The reason for this effect is that there is a
reflection of energy in these short rods which result in less energy being used to
drive the sampler into the soil (Seed et al. 1985). As such, correction factors
should be used when drill rod lengths less than 10 m are used (Skempton 1986).
It has been shown by Yokel (1982) that the energy loss effect in short rods is a
function of the drill rod weight and the hammer weight. Yokel also suggested
that the use of SPT in shallow investigations might be improved by choosing drill
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rods with larger cross sectional areas or using a half-weight hammer and running
the test with half the standard energy. However, these suggestions have not
become standard practice.

The weight and stiffness of the rods appears to have no effect on the energy ratio
for loose or dense sands up to a depth of 34 m (Brown 1977; Matsumoto and
Matsubara 1982), although Seed et al. (1985) recommends using A or AW rods
for holes less than 15 m (50 feet) deep and N or NW rods for holes of greater
depths. Seed et al. (1985) proposed that a correction factor of 0.75 be used to
correct SPT data from depths of zero to ten metres.

2.2.5 Liners Versus No Liners

SPT samplers are usually built with an inner diameter of the sampler that is
slightly larger than the inner diameter of the shoe of the sampler so that a liner
may be used in the sampler. However, in North America, the SPT is rarely used
with liners in place. Usually the liners have been removed from the sampler.

The practice of removing the liners from the sampler results in lower friction
inside the sampler and hence, a slightly lower blow count than would be
measured if the liners were left in place. On average, a sampler with liners
installed will measure 10-30% more blows per 30 cm (foot) of penetration than a
sampler without liners installed. The effect is less pronounced in loose sands
where the effect is on the order of 10% than in dense sands where the effect may
be upwards of 25-30% (Seed et al. 1985). As such, a correction factor should be
used to compensate for this effect (Skempton 1986).

Leaving the liners out of SPT samplers makes it easier to remove the soil from
the sampler and increases sample recovery. Schmertmann (1979) measured
recovery in two boreholes comparing recoveries at the same depth. In all
seventeen comparisons, Schmertmann measured greater recovery when not
using liners. In fact, he measured 99% soil recovery for tests without liners and
only 66% for testing with liners.

2.2.6 Overburden Pressure

The effect of overburden pressure must also be considered when interpreting
SPT data. Standard practice is to normalize the SPT N-values to an effective
overburden stress of 1 atmosphere (i.e. o,/ = 100 kPa), which results in Ns-values
where N1=CnN (Cy is the correction factor for overburden pressure and N is the
measured blow count). Further details regarding the normalization of SPT results
will be provided in a later section.

2.2.7 Relative Density

The relative density of a sand refers to its density in relation its loosest and
densest possible states as determined (i.e. Dr = (€ — €min)/(€max — €min), Where e is
the void ratio of the sand, emi, is the lowest possible void ratio for the sand as
determined by ASTM testing and emax is the highest possible void ratio for the
sand as determined by ASTM testing).
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Saxena and Srinivasulu (1982) showed that estimation of relative density (D,) of
sands based upon SPT results is unreliable. They showed that the correlations
tend to overestimate D: at shallow depths and underestimate D, at greater
depths. However, the reason for the noted poor correlation was due to the
method chosen to correct the field N values for the depth/overburden effects.

2.2.8 Overconsolidation and in-situ stresses

Aside from testing conditions, such as borehole size, or material dependent
factors, such as the average particle size, penetration resistance in sands is also
controlled largely by the current in-situ stress level (Clayton et al. 1985;
Skempton 1986). An increase in penetration resistance can be caused by higher
mean effective stresses as a result of over consolidation processes (Skempton
1986). Further, Schmertmann (1979) notes that the N value will vary with the
octahedral effective stress and that the horizontal stress has twice the effect of
the vertical stress. Clayton et al. (1985) also suggested that the horizontal
stress level has twice as much of an impact on the penetration resistance when
compared with the vertical stress level.

2.2.9 Borehole Diameter

Borehole diameter may have some effect on the measured blow count. The SPT
should be performed in a borehole between 66 mm and approximately 115 mm if
possible although in some countries larger boreholes are common (Skempton
1986). Seed et al. (1985) recommends that the borehole diameter be between
102 and 127 mm. While it appears that borehole diameter has little effect in
cohesive soils, there is some evidence to suggest that lower blow counts may be
recorded in sands where the borehole is larger than recommended (Sanglerat
and Sanglerat 1982). Correction factors have been suggested for larger than
standard boreholes (Skempton 1986).

2.2.10 Borehole advancement and support

The method of drilling used to advance the hole can also have an impact on the
results of the SPT. The wash boring technique or rotary drilling with a tricone
and mud flush, water or mud maintained to the groundwater level should be used
(Seed et al. 1985; Skempton 1986).

Seed et al. (1988) showed that either water or drilling mud could be used to
support the borehole and that SPT results were not dependent on the type of
fluid used provided that careful drilling and sampling procedures are employed.
However, it should be noted that the use of drilling mud instead of water is often
a better choice. In order to avoid hydrostatic imbalance when using water as a
drilling fluid, the drill rods must be withdrawn slowly. However, the use of drilling
mud helps to reduce the chance of hydrostatic imbalance at the base of the hole
since a surface reservoir is usually connected to the borehole which keeps the
hole filled with mud at all times (Schmertmann 1989). In sand, SPT results
obtained in holes with steel casing may differ from those obtained in holes
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supported by drilling mud. Results have been presented which indicate that N
values are increased above groundwater level and decreased below ground
water level when a steel casing is used to support the hole rather than drilling
mud (Whited and Edil 1986).

2.2.11 SPT Hammer Type

Another factor that influences SPT results is the hammer type used. Itis well
known that using an automatic hammer results in lower SPT N-values compared
with results obtained from a safety hammer. The reason for the difference in
results due to the hammer type used is due to the energy that is delivered to the
sampler shoe (Drumright et al. 1996). The effect of the hammer type can be
accounted for simply by measuring the energy ratio (ER,) of the SPT set-up and
correcting the N-values to the energy corrected standard Nego.

2.3 Cone Penetration Testing

2.3.1 Overview

The Cone Penetration Test (CPT) is useful in three aspects of site investigation.
Firstly, itis a tool that can be used to determine sub-surface stratigraphy.
Secondly, the CPT can be used to estimate geotechnical parameters. Thirdly, it
can be used to provide results for direct geotechnical design (Robertson 1998).
Figure 2.2 shows a diagram and pictures of typical CPT set-ups.

The advantages of the CPT are numerous and include:
1. Its ability to provide a continuous profile of the soil with depth
2. Results with greater reliability and repeatability, when compared to the
SPT
3. Results are independent of the operator

One of the often quoted disadvantages of the CPT is its inability to collect soil

samples. However, as will be discussed in the following sections, this
disadvantage can often be overcome with use of soil behaviour type charts.
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Figure 2.2: Cone penetration testing

2.3.2 Soil Profiling and Classification

One of the most common uses of the CPT is for profiling soil stratigraphy. The
application of the CPT for soil profiling is based on extensive published
experience, in which the cone penetration resistance is generally high in sands
and low in clays while the friction ratio is generally low in sands and high in clays
(Robertson 1998).

An extensive base of experience with the CPT has been established over the
past 30 years and incorporated into soil behaviour type (SBT) charts. Not to be
confused with soil classification, the SBT charts may not identify soils as defined
by grain size, but provide an indication of how the soil will behave (Douglas and
Olsen 1981). SBT charts that were proposed by Robertson et al. (1986) and
Robertson (1990) have become popular in engineering practice.

In areas where there has been little or no experience with the CPT it is advisable
to obtain samples to verify the soil classification and soil behaviour. However, in
areas where significant experience with the CPT has been accumulated, it may
not be necessary to obtain samples and SBT charts can be modified, to fit the
local geologic region (Lunne et al. 1997).

SBT can be improved if CPT pore pressure data are also collected by
recognizing that high penetration pore pressures are generally measured in soft
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clays while in stiff heavily overconsolidated clays, dense silts and silty sands the
CPT penetration pore pressures can be small or even negative (Robertson
1998).

Jefferies and Davies (1993) further simplified soil behavioural (SBT)
classifications by incorporating the normalized cone resistance, Q, and the
normalized friction ratio, F, into one parameter called a soil behaviour type index,
le. lcis essentially the radius of concentric circles that represent the boundaries
between each SBT zone. This approach simplifies calculations and allows it to
be incorporated into a spreadsheet, although I does not apply to sensitive fine
grained soils, very stiff sand to clayey sands or very stiff fine grained materials,
which correspond to SBT 1, 8 and 9 respectively (Robertson 1990).

One of the often-quoted advantages of the SPT over the CPT is the ability to
collect samples from the SPT for soil characterization and soil grain size analysis.
While the CPT is not capable of collecting samples, research has been
conducted over the past fifteen years in an attempt to correlate I to the fines
content (Kulhawy and Mayne 1990; Robertson and Wride 1998) and other grain
characteristics. In geotechnical practice, fines content is generally defined as the
fraction of soil smaller than 74(10) m (passing the 200 sieve). However, in the
oil sand industry, fines are generally smaller than 44 (10°) m (passing the 375
sieve. The most popular correlation appears to be that of Robertson and Wride
(1998), however the bounds of the correlation are fairly wide since |; depends on
other factors such as plasticity, mineralogy, sensitivity and stress history. As a
result of the approximate nature of the correlation, Robertson and Wride (1998)
recommend that it be used as a guide. The correlation between fines content
and SBT index, |, was also verified by Suzuki et al. (1998), who found that fines
content increased and mean grain size, Dso, decreased with increasing I,
although the correlation between fines content and I; showed considerable
scatter. It should be noted that the CPT SBT charts do not apply to the following
soil types:

» Sensitive, fine grained soils

« \Very stiff sand to clayey sand (heavily over consolidated or cemented)

» Very stiff, fine grained soil (heavily over consolidated or cemented)

Baez et al. (2000) attempted to evaluate the correlation proposed by Robertson
and Wride (1998) and found that their correlation was suitable for I values less
than 2.05 but for | values greater than 2.05 the correlation proposed by
Robertson and Wride (1998) over predicted the fines content. It has been
recommended that fines content correlations based on the CPT should not
replace the collection of samples and laboratory testing (Baez et al. 2000).

it should be noted that cones of slightly different designs, but still conform with
the international standard, may give slightly different values of q. and f;,
especially in soft clays and silts. Campanella et al. (1982) proposed that the
cone resistance, qc, could be corrected to a total cone resistance, q, based on
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the pore pressure measured and the net area ratio. The net area ratio is
approximated by the square of the ratio between the diameter of the cone load
cell support and the diameter of the cone. A similar correction can then be
applied to the sleeve friction. However, the corrections are only important in soft
clays and silts where high pore pressures and low cone resistances are
measured. In sands, the corrections are negligible since penetration is generally
drained (meaning that pore pressures dissipate as they are generated) and the
cone resistance is large (Robertson 1990).

2.3.3 Factors Affecting CPT results

Robertson (1985) notes that, similar to the SPT, a number of factors influence
CPT results including: soil density, soil structure, cementation, aging, stress state
and stress history. Much like with the SPT, the CPT cone tip resistance, qc, must
be corrected to an overburden stress level of 100 kPa. The overburden stress
correction factors are similar with depth when compared to SPT overburden
stress correction factors.

Naturally, the design and specifications of the CPT system have an impact on the
CPT results. The standard cone has a 10 cm? base area, a 60 degree cone and
a 150 cm? friction sleeve. Cone penetration systems with other specifications will
yield different results. As such, only cone penetration systems that meet the
international standard should be used. However, as noted above, Campanella et
al. (1982) proposed that the cone resistance, qc, could be corrected to a total
cone resistance, q;, based on the pore pressure measured and the net area ratio.

CPT results are also affected by the presence of thin layers. Robertson (1985)
notes that if a soil layer is less than 10 to 20 cone diameters in thickness, the
cone bearing resistance may not represent the true field strength due to influence
from adjacent layers. In fact, the CPT penetration resistance represents an
average response from the ground within a sphere of influence that can vary from
a few cone diameters in soft clay to 20 cone diameters in dense sand (Robertson
1998).

2.4 CPT-SPT Correlations

Despite its known deficiencies, the SPT is one of the most widely used in-situ soil
test in the world. The extensive use of the SPT has resulted in a wide variety of
correlations, which can be used for geotechnical design. It can sometimes be
desirable to use CPT-SPT correlations to estimate equivalent SPT values from
the CPT. Hence, some effort has been made to establish CPT — SPT
correlations. A number of CPT — SPT correlations have been presented over the
past 30 years (Burland and Burbidge 1985; Jefferies and Davies 1993; Kasim et
al. 1986; Kruizinga 1982; Meyerhof 1956; Mitchell 1986; Robertson et al. 1983,;
Schmertmann 1970; Schmertmann 1979; Seed and De Alba 1986; Suzuki et al.
1998). The data are usually expressed as a q./Ng ratio, where q. is expressed in
bars, kg/cm? or tsf.

11
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In early research, Meyerhof (1956) suggested that q./N=4 on average. Kruizinga
(1982) found that the q¢/N relationship was poor at best but noted that q¢/N ratios
were an average of q./N=4.5 in sands and q./N=1.3 in clays. In (1970),
Schmertmann developed a method to compute the static settlement of isolated,
rigid, concentrically loaded shallow foundation over sand based on the static
cone bearing capacity. In his article, Schmertmann notes that it is possible to
convert SPT data to g data in order to use his method. Schmertmann (1970)
gave approximate q./N ratios to convert SPT data for a number of different soil
types, and suggested ratios ranging from 2.0 to 6.0 for silts to sands. He also
notes that using these ratios to covert SPT data to q. data results in a more
conservative analysis and reduced accuracy.

Schmertmann (1979) presented research which allowed the comparison or
prediction of CPT results based on measured SPT results. His theory was based
on the limit equilibrium statics of the quasi-static SPT test. His statics theory
allowed prediction of the relative magnitudes of the incremental, 15 cm (6
inches), AN values in soils as well as the amount of side friction and end bearing
resistance for the sampler and the effect of removing the liners from an SPT
sampler designed for liners. One notable disadvantage of Schmertmann’s (1979)
method is that the method is applied to the dynamic SPT while the research was
based on the quasi-static SPT.

Another attempt to link the SPT and CPT was made by Robertson and
Campanella (1983). They collected data from a number of studies correlating the
SPT N value to the CPT cone penetration resistance, q.. The results of their
analysis are shown in Figure 2.3. They were one of the first to suggest that the
gc/Nso ratio was a function of the mean grain size (Dso) and observed that the
g</N ratio increased with increasing grain size. Their study assumed that the
relationship between the two tests is dependent only on average particle size.
The research conducted by Robertson and Campanella appears to be very well
accepted in the literature and has been validated by a number of other
researchers (Kasim et al. 1986; Suzuki et al. 1998). Very similar data relating
soil grain-size to the q./N ratio was also presented by Burland and Burbidge
(1985). Seed and De Alba (1986) showed another chart similar to that presented
by Robertson and Campanella, however, their chart showed smaller q./N ratios
at large grain sizes and indicated that it would be appropriate to develop site
specific correlations for large, high risk projects.

12
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Figure 2.3: Variation in qc/N ratio with mean grain size (modified from Roberson et al.
(1983))

Rather than obtaining samples for grain size analysis, the grain size
characteristics can be estimated from established CPT-based SBT charts.
Robertson (1986) suggested qc/Neo ratios for each SBT using the non-normalized
CPT SBT chart. For example, if the data falls within zone number nine on the
non-normalized chart (Robertson et al. 1986), it is classified as sand and the
suggested q./Neo ratio to use is 5.

One of the disadvantages of the original correlation suggested by Robertson and
Campanella (1983) was that it required nearby sampled boreholes to obtain grain
size data. Jefferies and Davies (1993) developed an algorithm using only CPTu
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data to estimate equivalent SPT Ngo data. Using only the CPTu data eliminated
potential errors in assuming soil gradation changes between the samples and the
collected CPT data. Instead of using the mean grain size, their algorithm relates
the gc/Neo ratio directly to the soil behaviour type index, I.. Another advantage of
the algorithm is that it is computationally simple and can easily be incorporated
into spreadsheet analyses. Interestingly, Jefferies and Davies found that using
the algorithm to estimate SPT data from measured CPTu data resulted in less
error than simply using the actual SPT in the same soil. Lunne, et al. (1997)
modified the original equation by Jefferies and Davies (1993) to fit the Robertson
(1990) normalized SBT chart.

Research conducted by Suzuki et al. (1998) presented q/N data that supported
Robertson’s (1983) SPT-CPT correlation, where q; is the cone tip resistance in
MPa and N is the uncorrected blow count. However Suzuki et al. (1998) also
showed that the g/N ratio was not just a function of grain size but also of the SPT
N-values measured. They found that at a constant Dsq, the g¢/N ratio increases
with decreasing N-values and theorized that the difference might be caused by
the different drainage conditions of the two tests noting that the CPT was
essentially a drained test while the SPT was essentially an undrained cyclic test.

On a similar note, Kasim et al. (1986) presented data from a site in Alameda,
California that indicates that the g¢/N ratio is lower for sands with higher fines
contents than for sands with low fines contents at a similar mean grain size.
They theorized that the fines fraction affected the sand’s permeability, pore
pressure distribution, ductility and compressibility. They further noted that the
g</N ratio was not a function of the cone tip resistance.

The CPT SBT based q./Neo ratio approach was subsequently verified by Baez et
al. (2000) who evaluated case histories and compared the CRR calculated from
the CPT and from an equivalent SPT value recommended in the NCEER
liquefaction workshop (Youd et al. 2001). Their analysis showed very good
agreement between side-by-side SPT and CPT tests with any scatter being
attributed to the inconsistency of the SPT results. Furthermore, the research
indicated that liquefaction analyses conducted using CPT results were more
conservative when the CRR was below 0.23 and that the SPT results were more
conservative when the CRR was above 0.23. A CRR7 5 0of 0.23 corresponds to a
normalized SPT blow count of 21. Since most cases of liquefaction occurred in
soils where measured normalized blow counts were much lower than 21, it
seems reasonable to assert that use of the CPT to assess the potential for
liquefaction results in a more conservative analysis and a lower calculated factor
of safety. In fact, the data presented by Baez et al. (2000) showed that the data
calculated by the CPT liquefaction cyclic resistance ratio may be up to 25% lower
than that calculated by the SPT cyclic resistance ratio. Based on these results,
Baez et al. (2000) suggested that the CRR¢pr base curves from the NCEER
workshop were more reliable than the CRRspr base curves and that the CRRspr
may need some modification below normalized SPT blow counts of 21.
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3.0 ANALYSIS OF AURORA POND LOAD TEST DATA

3.1 General

As Syncrude’s Aurora tailings dyke was constructed, portions of the dyke were
constructed using BBW sand. Sand placed in this manner often results in
deposits of lower in situ densities and higher fines contents. Sand placed as
BAW often results in a deposit with fewer fines and greater in situ densities. As a
result, BBW deposits may be more susceptible to liquefaction than BAW
deposits. Syncrude conducted a field test called the Aurora Pond Load Test to
determine if an increase in vertical stress under an embankment would result in
an increase in the tailings sand, which might result in improved stability in the
loose BBW zones. The test consisted of loading a portion of the Aurora tailings
dam, which was known to contain BBW sand, with a 16 m high embankment.

This section discusses the Aurora Pond Load Test set up and site investigation.
An analysis of the Aurora Pond Load Test data follows. The analysis centres
around the qc1n/(N1)eo ratios measured at the site and correlations between the
SPT and CPT data collected. The site investigation data collected both before
and after the embankment was constructed were analyzed to examine the effect
of the embankment on the qc1#/(N1)so ratio data in particular.

3.2 Test Embankment

The test embankment was constructed over a zone of known loose BBW tailings
along the east side of the dyke. The embankment was constructed in two
stages, each measuring 8 m high, which brought the total height of the
embankment to 16 m. Figure 3.1 shows a conceptual cross section through the
Aurora tailings dam and the Aurora pond load test embankment.

Aurora Pond Load
Test Embankment

|

B
First Stage of Embankment—__ - P o
i

Second Stage of Embankment—.__

i - : : -

, railngs
S

Figure 3.1: Aurora pond load test conceptual cross section (not to scale)

3.3 Site Investigation

Site investigation of the tailings was carried out in three stages. The first stage of
the investigation characterized the tailings before placement of the embankment.
The second stage of the investigation characterized the tailings after placement
of the first stage of the embankment. The third stage of the investigation
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characterized the tailings after placement of the second stage of the
embankment.

During each stage of site investigation SPT, CPT as well as shear wave velocity
measurements were made. The shear wave velocity measurements were made
using a Seismic Cone Penetration Test (SCPT). However, this report only
considers the SPT and CPT results. The shear wave velocity results are
discussed in more detail by Robertson (2004).

3.4 Cone Penetration Testing

The CPT has two main advantages when compared to the SPT test. First, it
provides a continuous profile of the soil. Second, results obtained from the CPT
test have been observed to be much more repeatable than those obtained with
the SPT (Robertson and Wride 1998). Cone penetration testing was carried out
as part of the site investigation program for the Aurora Pond Load Test before
construction of the embankment as well as after each stage of the embankment
construction. :

Prior to any embankment construction the CPT profiles measured at the test site,
in general, show a layer of dense clean fine tailings sand approximately 6 m thick
overlying loose fine tailings sand approximately 13 m thick with numerous layers
of thin fine grained material. The elevation of the original tailings surface was
about 300 m. The zone of interest for this study was the loose fine sand from an
elevation of about 294 m to 281 m. The complete set of CPT and SPT data is
presented in Appendix A.

3.5 Cone Penetration Testing Analysis

It is well known that in a clean sand of constant density, the cone penetration
resistance (qc) will increase in a non-linear manner with increasing depth. This
can result in incorrect comparisons of CPT logs measured from differing
elevations. In order to be able to correctly interpret and compare CPT logs it is
necessary to normalize the cone penetration resistance to one atmosphere of
effective overburden stress. The resulting cone penetration resistance corrected
to a vertical stress of one atmosphere is referred to as normalized cone
penetration resistance (qe1n). The normalized cone penetration resistance, qc1n,
is dimensionless. The correction is made with the following equation:

Jetn = (qc/Pa) (Pa/G,v)n (3.1)

Where:
« P,is atmospheric pressure in the same units as either q. or ¢’y
e nis a stress exponent, typically 0.5 for clean sand
e 0©'yis the in situ vertical effective stress

The measured layers of soft fine-grained material can also cause problems in
comparing CPT logs. The inclusion of such layers might lead to a misleadingly
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low average qc1n in the target sand zone of measurement. There are two
methods by which the data may be ‘cleaned’ of these layers. One approach is to
convert the ‘clay’ values to equivalent ‘clean sand’ values using the approach
suggested by Robertson and Wride (1998). The other approach is to simply
remove the ‘clay’ from the dataset altogether. The second approach was chosen
for this study since it was deemed less cumbersome than the first approach
despite the fact that it would result in fewer data for analysis.

The criteria for what portions of the data were deemed as a ‘clay’ was taken from
Roberson and Wride (1998). They suggest calculating a soil behaviour type
index (I). The soil behaviour type index is calculated using CPT normalized
cone resistance values and friction ratio values. The soil behaviour index, I, was
defined by Robertson and Wride (1998) as follows:

le= [(3.47 —log Q)*+(log F + 1.22)3°° (3.2)

Where:
Q= [(QC - GVO)/PEZ][PE/G’VO]n (33)

e Qs the normalized CPT penetration resistance (dimensionless)

e nis typically equal to 1.0

e F =[fs/(qc — 0w)1100% and is the normalized friction ratio in percent

o fsisthe CPT sleeve friction stress

e Oy and o'y, are the total and effective overburden stresses, respectively

o P,is areference pressure in the same units as ¢’y (i.€., P, = 100 kPa if
G'v is in kPa)

e Pa2is a reference pressure in the same units as q; and oy, (i.€., Pa2 = 0.1
MPa if gc and oy, are in MPa)

The apparent fines content of the soil can then be estimated from the soil
behaviour type index. It was decided that all CPT data with fines content greater
than 30% would be removed from the dataset. This was achieved using
Robertson and Wride’s (1998) recommended correlation, which resulted in all
data where | was greater than 2.5 being removed from the dataset. The
remaining data can be referred to as (qein)ic<2.5. Figure 3.2 shows a typical CPT
profile from the Aurora Test site prior to embankment construction, after
removing all data where |, was greater than 2.5.
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Figure 3.2: Typical Aurora Test site Pre-embankment CPT profile with lc>2.5 values
removed

Values of (gc1n)ic<2.5 Were calculated for every CPT profile. Finally, an average
(Qein)ic<2.5 Was calculated by averaging each value measured at each elevation.
All 23 CPT profiles were used to determine the mean CPT profile. Figure 3.4
shows the calculated mean CPT profile in the target zone of examination. The
mean plus one standard deviation and the mean minus one standard deviation
profiles are also shown. The average (qcin)ic<25 measured in the zone of interest
was 41.8 with an average standard deviation of 14.5. Each point on the average
(dein)ic<2.5 line in Figure 3.4 was calculated from an average of 15 data points.

Normally a slight trend of increasing (qc1n)ic<2.5 Would be expected as effective
stress increases with depth, resulting in a slight increase in the relative density.

However, Figure 3.4 shows a slight trend of decreasing (qcin)ic<2.5 With depth
indicating decreasing relative density with depth.

18
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Figure 3.4: Average Aurora Test Site Pre-embankment CPT profile plus and minus one
standard deviation (I.<2.5), based on 23 CPT’s

3.6 Standard Penetration Testing

SPT testing was carried out as part of a site investigation program for the Aurora
Pond Load test. During the site investigation program, SPT testing was
performed at various locations within the test site at 0.76 m (2.5 feet) depth
intervals in 21 boreholes. A total of 334 SPT’s were performed prior to
construction of the embankment. The complete set of SPT data is presented in
Appendix A.

3.7 Standard Penetration Testing Analysis

One primary reason for the high variability in SPT results is the wide range of
energy that can be delivered to the drill rods from different rigs (Butler et al.
1998). Before the SPT results can be used for interpretation or liquefaction
analysis the SPT data must be normalized to a standard energy value. The
North American standard is the Ngo, which corresponds to 60% of the potential
energy of the hammer reaching the SPT sampler. The SPT data collected was
first normalized to 60% energy, Ngo, as follows:

Neo = N(ERn/60%) (3.4)
Where:

o N is the measured SPT N-value
« ERp is the measured energy ratio reaching the SPT sampler
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In order to determine the energy ratio, two computational procedures can be
performed to SPT tests, the F° and the Fv methods. At the Aurora Pond Load
Test, the energy ratio was measured in 10 holes for a total of 203 measurements.
The two methods were in good agreement with the F?> method producing ER, of
75.8% while the Fv method produced an ER, of 74.3%. An overall average ERy,
of 75.1% was used to calculate Ngo.

Just as with the CPT, the SPT results must also be normalized to a reference
overburden pressure of one atmosphere, resulting in (N1)so. The calculation to
normalize the SPT data to the overburden stress is as follows:

(N1)so = Neo(Pa/0'vo)" (3.5)

Where:
e Oy is the effective overburden stress
e P,is areference pressure in the same units as o'\, (i.e., Pa = 100 kPa if
G'vwo IS in kPa)
e nis an exponent, usually 0.5 in clean sand

It was also necessary to remove the ‘clay’ seams from the measured SPT data to
avoid comparing it with sand data. With the SPT data, this was done in two
ways. Firstly, data was removed from the dataset if the measured fines content
in the sample was greater than 30%. Secondly, the borehole logs were checked
and any data corresponding to soil classified as organic or clay was removed
from the dataset. Figure 3.6 shows an Aurora Test site Pre-embankment typical
measured SPT profile.
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Figure 3.6: Typical Aurora test site Pre-embankment SPT profile

The mean SPT profile was then calculated by averaging all the SPT data within
one-metre depth intervals using the average depth during the last 30 cm of
penetration (i.e. 30 cm past the start of the test), which would then be assigned
the average elevation of the data in the one metre interval. For instance, an
average (N1)go would be obtained for all SPT data occurring between the
elevations 284m and 285m, which would then be assigned an average elevation
of 284.5m. Figure 3.8 shows the calculated average Pre-embankment SPT
(N1)eo profile at the Aurora Test site. The error bars attached to the data points
indicate one standard deviation for each data point. The average (N+)so in the
zone of interest was 7.5 with an average standard deviation of 3.8. Hence, 68%
of all SPT N-values fall within the range 3.7 to 11.3 (one standard deviation) and
95% of the SPT N-values fall within the range to 0 to 15.1 (two standard
deviations). Each average (N+)eo data point in Figure 3.8 was calculated from
between 14 and 22 SPT’s with an average of 19 SPT’s per data point.

It is important to note that Figure 3.8 shows decreasing (N1)so values with depth.
This implies that the relative density of the tailings decreases with depth.
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Figure 3.8: Calculated Average Aurora test site pre-embankment SPT Profile (averaged
over 1 m depth intervals, total of 334 SPT’s in 21 holes)

3.8 SPT-CPT Correlations

The q¢/N ratio is commonly used to compare SPT and CPT data. The
(gc1n)/(N1)eo ratio can also be used in the same manner, since both sets of data
are normalized in the same manner. Robertson et al. (1983) found a relationship
between the q./Ngo ratio and the mean grain size (Dsp), which could then be used
to convert CPT data to equivalent SPT data.

Unlike the SPT, the CPT records data every 5 cm. Therefore, in order to
compare the two sets of data, both datasets were averaged over 1m intervals.
The SPT (N+)eo data was averaged in the manner mentioned in Section 3.7. The
CPT was also averaged in a similar manner. For example, between elevations
284 m and 285 m the SPT (N4)so data was averaged and assigned an elevation
of 284.5 m. The CPT (c1, data between the same elevations were also averaged
and assigned the elevation of 284.5 m. The quotient of the averaged CPT and
SPT data at that depth becomes the ratio qc1n/(N1)so.

Figure 3.11 shows the variation in the qc1n/(N1)so ratio as a function of (N1)so, and
shows that the calculated gc1n/(N1)eo ratio varies between 3.7 and 8.2.
Furthermore, the chart shows an inverse relationship between the qc1/(N1)eo ratio
and (N+)so, impling that the cone tip resistance to blow count ratio (qc1n/(N1)s0)
depends on the blow count. Suzuki et al. (1998) also noticed that the g¢/N ratio
tends to decrease with increasing SPT N-value and theorized that this effect may
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be caused by drainage conditions between the two tests. However, they did not
present any data to support this hypothesis.

An average of 19 SPT blow counts and 365 CPT readings were used to calculate
each data point. Many more CPT than SPT readings were averaged in each
data point because the CPT makes far more frequent readings. Since the CPT
and SPT values are averaged, Figure 3.11 does not reflect the true variability of
the tailings deposit. An R? value of 0.79 indicates good correlation between
(N1)so and the gc1n/(N+)eo ratio. The trend line in Figure 3.11 is a generic
exponential trendline calculated by the program Excel.

The observation of the inverse relationship between the qc14/(N1)so ratio and
(N+)eo is a source of concern for Syncrude since it raises questions over which in-
situ test results should be used in a liquefaction analysis. The objective of this
research is to evaluate and explain the variation in the qc1n/(N1)eo ratio shown in
along with its dependence on blow count.

Figure 3.12 shows the pre-embankment (qc1n)/(N1)eo ratio as a function of
normalized cone tip resistance, qc1n. The figure shows a large scatter and
essentially no relationship between the qc1n/(N1)eo ratio and qein.

Thus, at the Aurora Test site, the pre-embankment qc1n/(N1)so ratio appears to
depend on the SPT blow count, but not on the CPT cone tip resistance. Kasim
et. al (1986) also noted that the qc1n/(N1)so ratio was not a function of the cone
penetration tip resistance.
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3.9 Post-Embankment Aurora Pond Load Test Data

Figure 3.14 shows both the pre-embankment and post-embankment (full 16 m
height) SPT data from the Aurora pond load test. The chart shows a
considerable increase in the (N+)so values measured after the construction of the
16 m high embankment. In fact, in the zone of interest (from 281 m to 294 m), an

average increase in (N1)so of 130% was measured.

Like the pre-embankment data, the post embankment data plotted in Figure 3.14
also show decreasing (N1)so with depth. However, the post embankment data
trend is more distinct. This makes sense since the change in vertical stress
would be the greatest nearest to the previous tailings surface (i.e. the pre-
embankment tailings surface). The width of the embankment is approximately 50

m while the depth of interest is approximately 20 m from the
surface.

7’ <© Pre-Embankment

original tailings

“ @ Post-Embankment

“Ishow one standard
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Figure 3.14: Comparison of Aurora test site pre and post-embankment (N4)s, data (mean

and standard deviation range)
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Figure 3.16 shows both the pre- and post-embankment (again, for the full height
embankment) normalized cone tip resistance. Figure 3.16 also shows
improvement in the cone tip resistance after the 16m high embankment was
constructed. However, Figure 3.16 only shows an average post-embankment
increase of 40% in the cone tip resistance compared with an increase of 130% in
the SPT (N1)so data as mentioned above.

i 295 I
293 — |
—o—Mean (post-berm) |
291 ] |
289 - BBk I(Vlea?_t:1 Std. Dev.
5 post-berm)
| =
| ® B o i
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. 285 - —
\ ~—Pre-Berm Mean
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Figure 3.16: Comparison of Aurora test site pre and post embankment CPT data (mean and
standard devieation range)
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Figure 3.18 shows a comparison of the q¢1n/(N1)so ratio as a function of (N4)so.
The same trend between the qc1n/(N1)eo ratio and (N+)eo is seen in the post-
embankment data. However, in the post embankment case, the average
ge1n/(N1)eo ratio is slightly lower. This may be a result of the fact that the SPT
blow count increased by 130%, while the CPT tip resistance increased by only
40%. This makes sense since the SPT blow count is very sensitive to changes in
relative density (as will be discussed in greater detail in Section 4). Itis possible
that both the weight of the SPT equipment and the relative density of the tailings
influence the gc1n/(N1)so ratio. The post-embankment tailings are deeper (hence
longer SPT rods) but also denser. It may be that the increased density has off-
set the influence of the greater depth to some degree. However, it is not known
why much of the post-embankment gc1./(N1)eo ratio data is less than 4 (the
literature review suggests a ratio of 5 should be expected).

Figure 3.20 shows both the pre and post embankment data combined into one
data series. A single relationship results from both the pre and post-embankment
data. The trend line shows good correlation between the corrected blow count
and the gc¢1n/(N1)eo ratio despite the increase in vertical stress caused by the
construction of the embankment.

Figure 3.22 shows the gc1n/(N1)so ratio plotted as a function of qc1, for both the
pre and post-embankment conditions. As can be seen on the chart, there is
essentially little or no correlation between the q¢1n/(N1)eg ratio and qgcqp, for either
the pre or post-embankment condition.

Figure 3.24 shows the same data as in Figure 3.22 except that the data points
were plotted as a single series to allow a trend line to be drawn through it. Asis
shown, there is little to no correlation between the gc1n/(N1)so ratio and gein.
Furthermore, the post-embankment data has a lower average qc1n/(N1)so ratio
compared to the pre-embankment data. As mentioned, this may be a result of
the increase in SPT blow count of 130%, while the CPT tip resistance increased
by only 40%.
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4.0 SELF WEIGHT PENETRATION OF THE SPT

4.1 General

This section provides a theoretical evaluation of the hypothesis that the weight of
the SPT rods and hammer may have an impact on the measured SPT blow count
in loose sands. This could result in a lower blow count than would be found by
using the CPT to estimate an equivalent SPT blow count.

4.2 Analysis and Statics of the SPT

Schmertmann performed an analysis of the static forces acting on the SPT was
conducted quasi-static penetration tests using an SPT sampler in addition to
regular SPT's and CPT’s. Schmertmann resolved the forces in the SPT (see
Figure 4.1) into the following equation, which relates the cone tip resistance to
the weight of the rods and the additional quasi-static force needed to advance
the sampler by the distance, L:

F+W =[CAc + (di + do)nLC2R{]qc (4.1)

Where:
« F is the additional force added to the buoyant weight of rods and sampler
that is needed to advance the sampler into the soil. For cases where the
blow count is zero, F = 0.
« W is the Buoyant weight of Rods and Sampler (W’ = Wogs + Wsampier +
Whammer - Fbuoyant)
A. is the end area of SPT sampler (10.7 cm? for a typical sampler)
di and d, is the inner and outer diameter of sampler, respectively
L is the depth of penetration of sampler into soil at base of borehole
Ry is the f./qc the friction ratio
C1 and C; are constants, which relate the quasi-static penetration
resistance and friction resistance of the SPT and the CPT (i.e. qspt = C1Qc
and fgpt = Cofe)
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Figure 4.1: Forces acting on quasi-static SPT as well as CPT (Modified from Schertmann,
1979)

In his research, Schmertmann (1979) also found a direct relationship between
the blow count from the regular SPT and the added force, F, from the quasi-static
SPT required to penetrate the sampler from 15 to 46 cm (6 to 18 inches). He
found the direct relationship in the form of the following empirical equation:

Favg) = 623 + a 1557 N (4.2)
Where:

« F(ay is the average added quasi-static force during SPT sampling. F(avg)
is in the units of Newtons.

« ais the constant fraction of maximum theoretical hammer energy.
Schmertmann found that a averaged 0.33 in cohesive soils and 0.42 in
cohesionless soils.

« N is the blow count from 15 to 46 cm (6 to 18 inches) of penetration in a
regular SPT.

Thus, Schmertmann found that N varies directly with the quasi-static energy
required to obtain the same sample. This allows Equation 4.1 to be used to
estimate the expected cone tip resistance based on the measured blow count, N.

Figure 4.3 shows two sets of relationships in terms of CPT tip resistance versus
vertical effective stress. The curved lines show well established relationships
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between vertical effective stress and expected cone resistance for a clean sand
with a constant relative density (Kulhawy and Mayne 1990). The straight lines
show the relationship developed by Schmertmann calculated using Equation 4.1.

As noted, the curved lines in Figure 4.3 showing the Kulhawy and Mayne (1990)
relationship were calculated as follows:

qetn/Di2=C (4.3)

Where:
e (cin is the tip resistance normalized to an overburden stress of 1 atm.
« Dyis the relative density of the sand
o Cis a unitdess constant dependent on the age of the deposit (300 to 400
for young to old deposits, respectively)
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Figure 4.3: Schmertmann predicted cone tip resistance compared to relative density
curves for sand

The constant C, for Aurora sand, was estimated to be approximately 340 based
on a deposit age between 1 and 10 years of age. Hence, in an Aurora sand
deposit with a relative density of 20% the normalized cone resistance would be:

detn = 340(0.20)2 = 13.6
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At a depth where the vertical effective stress would be approximately 133 kPa
(i.e. around 15 m), the predicted uncorrected cone tip resistance, qc, would be
(using equation 3.1):

13.6(100 kPa) / (100 kPa / 133 kPa)®® = 1568 kPa

Hence, using the CPT, one would expect to measure a g. of 1568 kPa at the
depth of 15 m assuming that the sand had a relative density of 20%.

The straight line relationships shown in Figure 4.2 were calculated using
Schmertmann’s static theory from Equation 4.1 for the SPT N-value noted on the
chart. Note that in cases where the blow count is not zero, Equation 4.2 can be
used to calculate F for use in Equation 4.1.

For example, if one were to consider an SPT performed at a depth of 15 m,
where the vertical effective stress is 133 kPa, and the measured SPT blow count
is zero, (Figure 4.3) Schmertmann’s (1979) theory would predict a cone tip
resistance of 1280 kPa.

Note that Figure 4.3 also shows that if the measured SPT N-value was one,
Schmertmann’s theory would predict a cone tip resistance of 1830 kPa. This
means that if the SPT were used in a sand of a relative density of only 20% with
blow count of one at this vertical effective stress, Schmertmann’s theory would
over predict the expected cone penetration resistance (the actual expected cone
tip resistance would be 1568 kPa). Said another way, if the expected cone tip
resistance was 1568 kPa, Schmertmann’s theory would predict a SPT N-value of
less than one. This means that some amount of penetration of the sampler in the
bottom of the borehole could occur due solely to the weight of the rods and
hammer (or “self-weight penetration”). Then after one blow, full penetration
would be easily achieved. Hence, some of the energy from the blow would not
be needed to achieve the full 45.7 cm (18 inches) of sampler penetration.

Using the SPT-relative density relationship suggested by Skempton (1980) for a
clean young fine sand with a relative density of 20%, the expected corrected SPT
blow count would be 1.6 ((N+)so/Dr? = 40).

It could also be said that for the same depth but in a sand with relative density of
25%, Schmertmann’s theory would predict the measurement of N=2 (shown in
Figure 4.3 by the intersection of the curved Dr=25% line and the N=2 straight line
at the vertical effective stress of 133 kPa).

In addition, it is easy to see that at vertical effective stresses beyond about 270
kPa, measurements of N=0 would be expected for sand with a relative density of
20% or less. This is because the cone tip resistance needed to support the
weight of the rods and hammer is greater than what would be predicted for that
effective stress level and relative density and hence full self weight penetration
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should be achieved. Note that within the zone of interest at the Aurora Test site
(pre-embankment) the vertical effective stresses are between 55 kPa and about
177 kPa (a depth range of 6 to 19 m approximately).

Equation 4.1 was re-arranged to solve for L, the length of penetration, in the
equation so that self-weight penetration might be predicted:

L =[(F + W)/ qc — C1A¢] / (di + do)C2R¢ (4.4)
Which equals (when qc is replaced with gc1n):
L ={[W'(Pa/6y)*° / (Qctn Pa) ] = C1Ae} / (di + do)nC2Rs (4.5)

In the above equation, F = 0 since for self-weight penetration, no additional force
can be added to the weight of the rods, sampler and hammer. qcin can be
replaced by Kulhawy and Mayne’s (1990) relative density relationship
(9c1n=CD;?), which yields:

L ={[W(Pa/5,)%°/ (C D?Pa) ] - C1As} / (di + do)nC,R; (4.8)

Figure 4.5 shows the magnitude of the predicted self-weight penetration (using
Equation 4.5) for sand with D, of 20% and C assumed to be 340. The constants,
C1and C;, have a large impact on the self-weight penetration prediction and the
results for C1=C,=0.6, 0.7 and 0.8 are shown in the Figure 4.5.

Schmertmann made the assumption that the end bearing resistance q over the
end area of the SPT sampler equals a constant, C4, times the static cone end
bearing resistance, qc, (i.e. qspi=C1qc). He made a similar assumption regarding
the friction acting on the SPT sampler and the CPT friction sleeve (fsp=Cafc).

As can be seen in Figure 4.5, as C4 and C; are increased, the predicted self-
weight penetration decreases. Notice that at the surface, the self-weight
penetration increases to infinity. This is because at the surface there is zero
vertical effective stress, which would, in theory, result in no resistance to
penetration. At shallow depths, the results of the equation are dominated by the
low effective stress. Thus, equation 4.6 may not be applicable for predicting self-
weight penetration of SPT equipment at shallow depths.

As depth and effective stress increase, self-weight penetration decreases to a
minimum after which point the weight of the rods, sampler and hammer begin to
dominate. Hence, in a very loose sand deposit with a constant relative density
of, say 20%, the predicted self-weight penetration is greater at a depth of 30 m
than at 15 m because the weight of the rods increases in a linear manner with
depth but the penetration resistance increases in a slower non-linear manner with
depth, as illustrated in Figure 4.3.
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Figure 4.5: Predicted Self-Weight Penetration for a sand with Dr=20%

As it turns out, the self-weight penetration calculation is also sensitive to relative
density. Figure 4.7 shows the result if the relative density in the calculation is
increased to 21%. As expected, the curves shift to the left, predicting less self-
weight penetration with the increase in relative density. Where the equation
results in a negative answer (such as for 21% Dr and C41=C,=0.8), no self-weight
penetration is predicted.

If the relative density is increased to 25%, no self-weight penetration is predicted
except in the upper few metres where the low vertical effective stress dominates
the self-weight penetration equation. Although the equation requires a sand
deposit with a relative density less than about 22% to predict self-weight
penetration within the depth range of interest at the Aurora test site, equation 4.6
shows that the weight of the SPT rods, hammer and sampler have a large
influence on the blow count.

For a SPT conducted in a sand deposit of 26% relative density at a depth of, say
15 m, no self-weight penetration would be predicted. However, itis clear that the
weight of the SPT components would put the sampler/soil interface at a condition
near static equilibrium and that one blow would likely result in full penetration.
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Figure 4.7: Predicted Self-Weight Penetration for a sand with Dr=21%

Figure 4.9 shows the variation in the calculated qc1n/(N1)eo ratio with depth from
the Aurora site (Pre-embankment). While there is some scatter in the data due to
variation in the relative density of the sand, the overall trend of increasing
ge1n/(N1)so ratio with depth is clear. This data supports the discussion regarding
the self-weight penetration equation (equation 4.6). As mentioned, a possible
reason for the trend is that as the depth increases, the weight of the SPT
equipment grows at a faster rate than the penetration resistance of the sand
resulting in lower blow counts relative to the cone tip resistance. It should be
noted that much of the research presented in the literature concerning the q./N
ratio was collected from reasonably shallow depths (typically less than 10 m).
However, at the Aurora tailings dam, the zone of interest is from a depth of about
6 m to 20 m, so the weight of the SPT equipment may have a larger influence on
the blow count. For the post-embankment condition, the depth range increases
to between 22 and 36.
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Figure 4.9: Calculated variation in the q¢1,/(N1)so ratio with depth at Aurora test site (Pre-
embankment)

4.3 Self-Weight Penetration Applied at Aurora

In the example of an SPT performed at a depth of 15 m, a relative density of 20%
was assumed, which resulted in a predicted qc1, of 13.6. However, at Aurora, at
a depth of 15m, the average qc1n measured was 44 with a standard deviation of
17. Therefore, 68% of the measured data at that depth fell within the range of
Jein Of 27 to 61. Thus, an effort was made to use the actual measured gc1n in the
self-weight penetration calculations, rather than predicted values. The results are
shown in Table 4.1.

The value of C chosen in the relative density equation was also found to have a
large impact on the calculation. Based on the relative density with deposit age
relationships put forth by Jamiolkowski et al. (1988), Kulhawy and Mayne (1990)
and the CANLEX data (Wride et al. 2000), C may range from about 200 to 380.
Jamiolkowski et al. (1988) recommends a C of approximately 200 for a deposit
with an age similar to Aurora (approximately 4 years). Kulhawy and Mayne
recommend a C of approximately 340 for the same deposit. The CANLEX data
suggests a much more rapid variation with age than either Kulhawy and Mayne
or Jamiolkowski et al. Based on the CANLEX data, the choice of C in a range
from 220 to 300 seems reasonable.
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Table 4.1 shows that using the actual normalized CPT data results in predictions
of relative densities between 24% to 47% and hence lower self-weight
penetration. For instance, the average qc1n minus one standard deviation at a
depth of 15 m was 27, meaning that only 16% of all data collected at this depth
was smaller than 27. The resulting relative density may vary from 27% to 37%
depending on the choice of C for the deposit. At such a relative density, no self-
weight penetration is predicted.

4.1: Self-Weight Penetration Predictions at Aurora

Predicted
Measured| gc¢tn (mean or mean minus | Constant] Predicted Self-Weight
Depth (m) gcin one std. Dev.) C Dr Penetration (cm)
15 44 Mean 200 47% 0
15 44 Mean 340 36% 0
15 44 Mean 380 34% 0
15 27 Mean minus one Std. Dev. 200 37% 0
15 27 Mean minus one Std. Dev. 340 28% 0
15 27 Mean minus one Std. Dev. 380 27% 0
19.4 27 Mean 200 37% 0
19.4 27 Mean 340 28% 0
19.4 27 Mean 380 27% 0
19.4 22 Mean minus one Std. Dev. 200 33% 0
19.4 22 Mean minus one Std. Dev. 340 25% 0
19.4 22 Mean minus one Std. Dev. 380 24% 0

Even an examination of the loosest sand at Aurora and assuming the worst
conditions regarding the choice of constants C, C and C; it was found that SPT
self-weight penetration is unlikely. For instance, at a depth of 19.4 m, using the
mean gc1n Minus one standard deviation value of 22, and using the highest
reasonable value for C, 380, yields a relative density of 24%. Assuming the
worst conditions for C1=C,=0.6 still results in a prediction of no self-weight
penetration.

Furthermore, if one were to assume a C=290 (the average of all values reported)
and a very loose sand of 20% relative density at a depth of 15m, the
corresponding getn (based on the qc1/D?>=C relationship) would be approximately
12. However, only 3% of all qc.1n measurements at that depth were smaller than
12.

4.4 Remarks on the self-weight penetration of the SPT

The above analysis shows that no SPT self-weight penetration was likely to have
been observed at the Aurora test site. However, the weight of the SPT rods and
hammer likely influenced the measured SPT blow count resulting in smaller
measured N values than the equivalent N-values obtained from the CPT. As
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mentioned earlier, the influence of the weight of the SPT equipment would
increase with increasing depth.

The above analysis has shown that in very loose sand deposits with a relative
density around 20% (specifically less than about 22%), self-weight penetration of
the SPT sampler into the base of the borehole may be possible. Furthermore,
the analysis has shown that particularly at depths greater than 15 m, the weight
of the rods, sampler and hammer, will have a dramatic influence on the SPT
resulting in lower blow counts relative to the equivalent SPT blow counts
obtained from CPT testing. Even if no self-weight penetration is predicted, it is
clear that in loose sands, the weight of the rods, hammer and sampler are a
major contributor towards lower blow counts relative to equivalent SPT blow
counts obtained from CPT testing. '

4.5 Predicting Cone Penetration Resistance with SPT data

Schmertmann (1979) found a direct relationship between the SPT N-value and
quasi-static energy required for the same sampler penetration from 15 to 46 cm
(6 to 18 inches) below the bottom of the borehole. As noted earlier,
Schmertmann’s work allows prediction of CPT results based on SPT blow
counts.

451 Schmertmann’s (1979) Method

The average quasi-static energy required to advance the sampler during
sampling is (Schmertmann 1979):

E'=190+ o475 N (4.7)

Where:

« FE’is the quasi-static energy required for the penetration of the sampler
from 100 to 460 mm (6 to 18 inches) in joules

* 190 Joules is a constant resulting from the 63.5 kg (623 Newtons, or, 140
Ib) hammer always having a net drop of 300 mm (12 inches) during the
interval in which the blows are counted

« o is a constant fraction of maximum deliverable hammer energy («=0.42
and 0.33 for cohesionless and cohesive soils respectively) that is required
for quasi-static sampling. The energy required for normal dynamic
penetration of the sampler (energy ratio of the SPT rig) usually exceeds
that required for quasi-static penetration (o) because of dynamic losses
due to ground quake, viscous effects, etc. (Schmertmann 1979)

o Nis the blow count

o 475 (joules) is the maximum possible amount of dynamic energy in the
63.5 kg (140 Ib) SPT hammer at impact after falling the specified 76 cm
(30 inches) (equal to 475 J, or 4200lb-inches)

The average added quasi-static force for penetrating 100 to 460 mm (6 to 18
inches) is then E’/0.305 m, which yields Equation 4.2, as stated earlier:
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Favg) =623 + a 1557 N (4.8)

Where:

» Fay is the average added quasi-static force during SPT sampling. F(avg
is in the units of Newtons.

e 623 Newtons equals 190 Joules divided by 0.305 m (12 inches)

+ 1557 Newtons equals 475 Joules divided by 0.305 m (12 inches)

e ais the fraction of maximum theoretical hammer energy required to obtain
the sample. Schmertmann found that a averaged 0.33 in cohesive soils
and 0.42 in cohesionless soils.

e Nis the blow count from 100 to 300 mm (6 to 18 inches) of penetration.

Schmertmann then calculates the end bearing force on the sampler as:
Fo=[ 2(5.95 kg/m) +(EBR)F ayg) ] 9.81 m/s? (4.9)

Where:

e F.is the end bearing force on the SPT sampler

e zis the depth of sample in metres

+ EBR is the approximate percentage of load due to end bearing resistance

» Fg) is an estimate of the average added quasi-static force during SPT
sampling

« 5.95 kg/m (4 Ib/ft) is the approximate weight of the rods and sampler per
metre of length

Using Schmertmann’s technique, predicted CPT q. values, (qc)p, can be obtained
from F¢ and compared with the measured CPT q. data as follows:

(Gc)p = [Fe/ (Ae)spt ] (4.10)
Where:
* (qc)p is the cone tip resistance predicted by Schmertmann’s method
e F.is the end bearing force on the SPT sampler
o (Ae)ser is the end area of the SPT sampler (usually 10.7 cm?)

The Schmertmann predicted data were normalized for vertical effective stress
using the commonly accepted formula:

(Qern)p=l(ac)p/Pa][Pa/c’]" (4.11)

Where:
o Pais atmospheric pressure in the same units as either gc or ¢’y
e nis a stress exponent, typically 0.5 for clean sand
« ©'yis the in-situ vertical effective stress
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* (qc)p is the cone penetration resistance predicted by Schmertmann’s
theory

* (ge1n)p is the cone penetration resistance predicted by Schmertmann’s
theory, normalized for overburden stress.

Figure 4.6 shows the measured normalized SPT data on the x-axis and the
corresponding Schmertmann predicted normalized cone tip resistance on the y-
axis. As can be seen in the figure, the relationship between the corrected blow
count and the Schmertmann predicted normalized cone tip resistance is linear
with an intercept at an SPT (N1)so = 0. As an example, if one were to measure a
(N+)eo of 10, the corresponding normalized cone tip resistance predicted by
Schmertmann'’s theory would be about 53, which appears reasonable (i.e.
de1n/(N1)so = 5.3). However, it is more important to note the offset/intercept near
the origin of the chart. This shows that while a SPT blow counts of zero might be
measured, Schmertmann’s theory does not predict cone tip resistances (qc) of
zero. This reflects reality since blow counts as low as 1 was measured at Aurora,
while cone tip resistances of less than 20 are rarely measured in practice. The
offset near the origin is actually due to Schmertmann’s inclusion of the weight of
the SPT equipment in his static theory.

120 ——

100 -

80 -

(Qcin)p = 4.4 (Ny)go + 10.6

(qc1 n)p (PrediCted L PY n)
[¢)]
o

e 0 R*=1.0 1
|

! 20 When (Ny)go = 0

f 1 (qc1n)p =10.6
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Figure 4.11: Relationship between measured (N4)so and predicted (qcin),
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If the y-axis on Figure 4.11 is divided by (N1)eo, the result is the (qcin)p/(N1)eo ratio
predicted by Schmertmann’s work. Schmertmann’s technique can also be used
to predict how the ge1n/(N1)so ratio changes with increasing (N+1)so, as shown in
Figure 4.13. The figure shows the (dc1n)p/(N1)so ratio (subscript , denotes
‘predicted’) predicted by Schmertmann’s technique. As the blow count
decreases to zero, the (qcin)p/(N1)so ratio increases to infinity as a result of the
offset shown in Figure 4.11 (i.e. the best fit line not passing through the origin).
As noted, the offset and hence the inverse relationship in Figure 4.13 is caused
by Schmertmann’s inclusion of the weight of the SPT equipment in his theory
linking the SPT and CPT.

In very loose sands, where the measured (N1)so value would be less than 10,
Schmertmann’s static theory predicts increasing (qcin)p/(N1)eo ratios from about 6
to 14 as the (N1)sp measured values drop to around 1. It is also worth noting that
as (N1)eo increases to values greater than about 10, the predicted (Qcin)p/(N1)so
ratio approaches 5 (within the zone of engineering interest where (N¢)go is less
than 30-40). A (qcin)p/(N1)so ratio of 5 would seem to agree with the work
conducted by Robertson and Campanella (1983) and other researchers as noted
in Section 2.4

Thus, based on Schmertmann’s theory, one would expect that the weight of the
SPT equipment would have a larger impact on the measured qc1n/(N1)so ratio in
very loose sands where the blow count is less than 10. In medium dense or
dense sand (where blow counts are greater than 10) one would not expect the
weight of the SPT equipment to have a significant impact on the measured
QC1n/(N1)60 ratio.
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Figure 4.13: (qc1n)p/(N1)so ratio predicted by Schmertmann's technique

It should be noted that for the Aurora field load test there were 334 SPT’s
performed prior to construction of the embankment. Of those 334 SPT’s, 10.5%
resulted in a normalized blow count ((N1)e0) less than 3, 28% resulted in a
normalized blow count less than 5 and 61% resulted in a corrected blow count
less than 8. Thus, the weight of the SPT equipment may have influenced the
blow count on a significant percentage of the tests.

Figure 4.15 shows a comparison between the actual (qcin)/(N1)so ratio
measurements from the Aurora test site (with the pre- and post embankment
plotted as one series) and the Schmertmann predicted (qc1n)p/(N1)so ratio. The
relationship suggested by Idriss and Boulanger (2004) is also shown on the
figure for comparison. The Idriss and Boulanger relationship was developed by
combining relationships between cone tip resistance and relative density and
blow count and relative density. Idriss and Boulanger theorized that their
relationship was consistent with the drainage conditions in each in-situ test. They
speculated that since the SPT was a largely undrained test, it would develop
positive excess pore pressures in loose sand and negative excess pore
pressures in dense sand.

The Idriss and Boulanger relationship predicts much higher (qc1n)/(N1)so ratios
than either the Schmertmann’s static theory or what was observed in the field
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aithough it approaches a value of about 6 at (N+)so values greater than about 20,
which is not unreasonable.

Figure 4.13 and Figure 4.15 help to illustrate that in loose sand (i.e when (N1)gp <
10), the influence of the weight of the hammer, sampler and rods has a
significant effect on the measured (N1)so and the resulting (qe1n)o/(N1)s0 ratio.

Figure 4.17 shows the (gc1n)p/(N1)eo ratio if the weight of the hammer, sampler
and drill rods are ignored in Schmertmann’s calculations compared to when they
are notignored. The figure shows a constant (qcin)p/(N1)so0 ratio of 4.4 when the
weight of the SPT equipment is ignored.
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Figure 4.15: Change in measured Aurora test site (both pre- and post embankment)
{dc1n)/(N1)so ratio compared to Schmertmann predicted (cin)p/(N1)so ratio
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5.0 SPTu FIELD TESTING PROGRAM

51 General

A field in situ testing program was undertaken to confirm or reject the second
hypothesis put forth earlier in this thesis. In an effort to determine if the SPT, in
fact, does cause increased pore pressures during the test, a standard split spoon
sampler was outfitted with a pore pressure measurement device. The SPT with
pore pressure measurement will be referred to as the SPTu. The modified split
spoon sampler was designed and manufactured by Adara Systems Ltd.

5.1.1 Preliminary SPTu testing and related research

Daniel et al. (2003) analyzed SPT stress wave data using the CASE method.
They found that the effect of rod couplings could be predicted and was not
negligible. More importantly, they also observed considerable soil softening, the
calculated soil resistance often dropping to zero, after the initial cycle of loading.
This effect was more pronounced in soils with a low blow count. They
hypothesized that the softening was caused by the occurrence of short-term
liquefaction of the soil around the base of the sampler. In soils with high blow
counts, softening was still observed but soil resistance did not drop to zero.

Preliminary testing using a SPT sampler outfitted with a pore pressure
measurement device was conducted in September and October of 2004 at the
Massey tunnel site, which was studied in great detail during CANLEX (ConeTec
2004). Researchers from the University of British Columbia conducted additional
tests to facilitate interpretation of the pore pressure data (Daniel and Howie
2004). Daniel and Howie (2004) calculated the energy absorbed by the soil from
the Dynamic Energy Monitoring (DEM) data as a function of sampler penetration
and their results are shown in Figure 5.1.
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Analyzed Results from Massey Tunnel SPTu Trial
Tests Performed on September 13, 2004

Test Depth: 35 Blow Number: Al
Blow fount: 576 /5 N-Value: 11

18" / Total # Blows: 1125" Peak FV Epergy:  58-64%
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Figure 5.1: Absorbed energy versus sampler displacement relationships for 16 hammer
blows at 10.7 m (35') depth, calculated from DEM data (modified from Daniel and Howie
(2004))

They observed a stiff initial response (steep curve) where between 20 and 25%
of the SPT hammer potential energy was absorbed by the soil for a penetration of
about 3 mm (0.1 inch). This steep portion of the curve was followed by a very
soft response, for which little or no energy was absorbed by the soil for
approximately 10 mm (0.4 inches) of penetration. This portion of the curve was
followed by another steep section, which indicated the second arrival of the
original stress wave at the sampler-soil interface (Daniel and Howie, 2004).

Daniel and Howie (2004) noted that during previous studies, the initial stiff
response of the soil was insensitive to the blow count. They postulated this
portion of the curve may represent an initial shock loading during which the soil
resistance is largely derived from the relatively incompressible pore fluids. They
further noted that the average slope of the second portion of the curve was
dependent on the blow count and that the slope typically reduces to zero for blow
counts of about 10. In these cases, Daniel and Howie (2004) felt that the initial
shock loading may be initiating liquefaction of the soil, which would explain the

increase in penetration of the sampler with no increase in the energy absorbed
by the soil.
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Based on their observations of absorbed energy versus sampler displacement
(shown in Figure 5.1), Daniel and Howie (2004) theorized that the pore pressure
history at the sampler location would progress through two stages. The first
stage, during the peak loading, would be characterized by a brief high pore
pressure seen as the stress wave transfers from the SPT sampler to the pore
fluid. The second stage, during the post-peak loading stage, would be
characterized by a period of lower pore pressure magnitudes between the peak
loading stage and the next cycle of loading. They noted that the pore pressure
response in this stage of loading may depend on the soil response to shear
loading and whether its response would be dilative or contractive.

5.1.2 SPTu Field Investigation Site Selection

A field-testing program using the SPTu device was to take place on December 7,
2004 at the Aurora Pond Load Test site as part of Syncrude’s regular SPT
program. However, due to very cold weather, the drilling and testing proceeded
slower than hoped and imposed considerable time constraints on the testing.
One SPTu was performed at a depth of 1.52 m (approximately 0.5 m above the
water table) in order to establish the baseline pore pressure transducer response,
at which point the testing program had to be abandoned.

The field-testing of the SPTu was completed in Vancouver at the Massey Tunnel
site between January 20 and 21, 2005.

The Massey Tunnel site was selected due to a combination of the warm weather,
nearby availability of a drill rig and CPT and the fact that the Massey site is a
well-known loose sand deposit, which was heavily investigated during the
CANLEX project.

5.1.3 Setup

ConeTec Investigations performed the SPTu and energy measurement testing.
An M10 drill rig was used to drill an auger hole in which to perform the SPTu. For
the first two SPTu’s performed, a multi-truck CPT/drill rig was used to push a
blast probe outfitted with a pore pressure sensor and a triaxial accelerometer.

For the first two SPTu’s, the blast probe was driven approximately 1.12 m away
(in plan view) from the auger/SPTu hole. The blast probe was oriented so that
the SPT testing would be directly in line with its x-axis as is normally done for
particle acceleration measurements. The blast probe was driven 23 cm (9
inches) past the depth that the SPTu started so that the end of the sampler would
pass it exactly half way through the test.

For the remaining five SPTu’s, the blast probe was driven at a distance of just
0.29 m (11.5 inches) away (in plan view). It was believed that this would allow

measurement of stronger particle acceleration measurements and the possibility
of measuring elevated pore pressures because of the SPTu. As in the first two
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tests, the blast probe was driven 23 cm (9 inches) past the starting depth of the
SPTu.

A diagram of the SPTu set up is shown in Figure 5.3.

AUTOMATIC

DEM N200
HAMMER \\ / NORTHWOOD INSTRUMENTS
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SIGNAL AMPLIFIER TRIAXIAL ACCELEROMETER /
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SPTu BLAST
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SPTu AND BLAST
DRAWN BY ERIC NMEN PROBE SETUP NOT TO SCALE

Figure 5.3: Diagram of SPTu Set-Up

The pore pressure transducer was located inside the split spoon sampler barrel.
The connecting wire ran out through a hole in the barrel of the sampler and into a
down-hole signal amplifier. The connection from the down-hole force load cell
also ran into the amplifier. The amplifier was taped to the drill rod. A single
cable, which was taped at 1.5 m (5 ft) intervals, ran up the drill string and out of
the hole. The cable then ran into a ConeTec interface box. The signal from the
interface box then ran into a Data Translation DT9802 model A/D card, which
then ran into a laptop computer outfitted with Data Translation signal acquisition
software.

A force load cell and accelerometer was also located up-hole, just below the anvil
on the drill string in order to measure the energy of the SPT automatic hammer.
The signal from the load cell and accelerometer ran into a Northwoods
Instruments Dynamic Energy Monitoring (DEM) N200 Model and from there into
a Field Computer.
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The blast probe was outfitted with a pore pressure sensor and a triaxial
accelerometer. The signal from the blast probe ran into the same ConeTec
interface box that was used for the SPTu signals and from there, the signal
passed through the same A/D card and into the laptop as is shown in Figure 5.3.

5.1.4 SPTu Assembly and Set-up

The SPTu device consisted of a standard split spoon sampler ouffitted with a
pore pressure transducer to measure the water pressure changes during the test.
The SPTu device was designed and manufactured by Adara. Schematics of the
design of the SPTu modified split spoon sampler are shown in Appendix B.

A small hole was machined into one side of the split spoon barrel approximately
9.9 cm above the cutting edge of the sampler shoe. The hole measured
approximately 0.7 cm wide by 2.4 cm tall. The hole was covered with a fine
mesh screen, which interfaces the soil, however it was supported by a coarser
screen.

The pore pressure transducer was located inside the split spoon barrel. The
cable from the transducer traveled up and out of the sampler through a hole in
the split barrel sampler. The cable was protected from being cut by the edges of
the hole by a Kevlar sleeve.

The electrical connections between the transducer and down-hole load cell and
the down-hole signal amplifier were packed with o-ring grease to prevent
infiltration of water. The connections were then further protected by being
carefully wrapped in electrical tape to provide another seal against water
infiltration. Then the cables and down-hole signal amplifier were securely taped
to the side of the drill stem just above the split spoon sampler using more
electrical tape. The cable was then taped to the drill stem at 1.52 m (5 foot)
intervals. After each test, the entire assembly had to be taken apart to remove
the sample and then reassembled and carefully re-taped to ensure integrity of
the system.

5.1.5 SPTu Test procedures

The test began by auger drilling to a depth of 1.52 m (5 ft). This depth was
known to be above the water table. This provided a suitable location to establish
the response of the pore pressure transducer to the stresses of the SPT without
the measurement of water pressure. As mentioned, the blast probe was driven
1.12 m away (in plan view) from the auger hole and to a depth of 23 cm (9
inches) past where the SPTu test began.

Self-weight penetration was measured before each test was performed. This
was accomplished by taking the known depth of the hole added to the length of
the rods above the hole and subtracting that from the total length of the SPT drill
assembly. This procedure was performed with the hammer resting on the anvil.
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A piece of duct tape was then placed on the rod string just above the collar of the
hole. The 0.15 m (6 inch) intervals for the test were marked on the tape.
Baseline readings were then measured and recorded for each instrument.

With each blow during the test, the tape was marked on the tape at the drill stem
collar to indicate the distance of penetration after each blow. After the test, the
penetration intervals were measured to the nearest centimetre and recorded.

The SPTu was performed using a 63.5 kg (140 |b) automatic hammer owned by
ConeTec Investigations. Data acquisition began approximately 20 seconds
before the test started. Once the test was started, as mentioned, the level of the
drill hole collar was recorded on a piece of duct tape attached to the drill stem to
measure the distance of penetration for each blow. After each SPTu test was
completed, data acquisition continued for approximately 20 seconds. The extra
data was collected before and after the test in order to examine any changes in
the baseline data just before, during and after the test.

After the test, the split spoon SPTu apparatus had to be carefully disassembled

to avoid ripping or cutting the wires and to avoid any more disturbance of the
sample. Sample recovery was also measured and recorded.
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5.2 SPTu Field Testing Program Experimental Results

5.2.1 Massey SPTu Results

In total, seven trials with the SPTu device were performed at various depths in
the same borehole. The measured blow count and corrected (N1)g values are
presented in Table 5.1. The blow count was corrected for vertical effective stress
and energy ratio (ER).

The sampler used in the SPTu’s was not outfitted with liners. Normally the use of
a sampler without liners would require a correction by a factor of between 1.1 and
1.3. However, the pore pressure transducer for the SPTu sampler was located
inside the sampler barrel in a metal casing. The result would be a decrease in
the volume inside the sampler and an increase in the friction forces and
penetration resistance on the sampler. While it is not known if the effect of the
transducer exactly offsets the effect of having liners in the sampler, it was
assumed that the difference between the two would be small and hence no
correction for using a sampler without liners was made.

In the table, the column labelled ‘recorded’ denotes the number of blows that
were recorded by the instrumentation attached to the SPT. In a few cases, an
extra blow was applied after the full 46 cm (18 inches) of penetration was
achieved because the automatic hammer was not shut off fast enough. The
average energy ratio calculated by the F-v maximum method was used to correct
the N-values to a standardized energy of 60%. While the energy ratio using the
F2 method was also measured, the F-v energy method was used to correct the
N-values since it is widely regarded to be more accurate.

As is shown in Table 5.1, very high energy ratios were calculated for the SPTu
testing performed at the Massey site. Calculated energy ratios ranged from
75.2% to 122.8% and averaged 108.6%. Equation 3.4 in Section 3.7 was used
to correct the SPT N-values to obtain (N1)so values. As a result of the very high
energy efficiency of the automatic hammer (compared to the accepted
standardized value of 60%), large corrections were made to the SPT N-values to
obtain (N)so values. In fact, for the fourth test at a depth of 9.33 m, an energy
efficiency of 115.1% was calculated. Therefore, a correction factor of 1.92 had to
be applied to the N-value to obtain an (N1)eo value as follows:

(N1)60 =Ch,ERN (5.1)
(N1)so = 1.0 (115.1% / 60%) 5 = 9.2

(N1)50 =92
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5.1: SPTu measured and corrected N-values

SPT Blow Counts
Depth A B C N Vert. Eff. Cn* § ER (%) |(N4)eo] Total Blows| Recorded
0-152mm| 152-305mm| 305-457mm

(m) (0-6") (6-12") (12-18") }(B+C)] Stress (kPa) Fv (Max) (A+B+C Blows
1.52 3 4 4 8 30 1.8 752 |18.4 11 11
7.72 4 3 3 6 94 1.0 ] 1128 j11.6 10 12
8.56 2 3 4 7 101 1.0 984 1114 9 9
9.33 2 2 3 5 108 1.0 | 1151 9.2 7 8
10.80 3 3 4 7 121 09| 121.0 §12.8 10 10
12.41 3 2 5 7 135 09 ] 1228 |12.3 10 11
13.92 5 5 8 13 148 0.8 | 115.2 | 20.5 18 19

*Cn is the overburden stress correction factor. i.e. (Ni)sgo =CnN ER

A profile of the SPT (N4)go values is shown in Figure 5.5 along with the
uncorrected SPTu N-values and the equivalent (N4)go values obtained from the
CPT, which was conducted 1 m away from the SPTu hole. The equivalent (N+)so
values were calculated from measured CPT data using the equation presented
by Jefferies and Davies (1993) as follows:

Neo = qc / [0.85 (1 — I/ 4.75)] (5.2)
Where:
e Q. is the measured cone tip resistance in units of MPa
e Ngo is the predicted corrected blow count in units of number of blows per
300mm

Neo was then corrected for vertical effective stress using the following equation
(Robertson and Wride 1998):

(N1)so = Ngo [100 / 0,61>° (5.3)
Where:
e O is the effective overburden stress

From CANLEX, it is known that the zone of interest for liquefaction potential
evaluations is from approximately 7.92 and 13.11 m at the Massey site. The
(N1)eo values in this depth range varied between 9.2 and 12.8 and averaged 11.5.
With an average (N+)so value of 11.5, this deposit can be classified as loose. Ata
depth of 13.72 m, the (N1)so value measured increases to 20.5 indicating an
increased density.

It should be noted that the large difference between the uncorrected N values
and the corrected (N1)go values is mainly due to the high energy ratios measured

for the SPT rig. In most cases, the correction made to the data was quite large,
and in some cases was as large as 84% of the original value.
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Figure 5.5: Profile of SPTu N-values at Massey Site
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5.2.2 Massey CPT Results

After the SPTu was performed, a single CPT was performed nearby at a distance
of 1 m from the SPTu hole. The CPT profile is shown in Figure 5.7. The CPT
profile is representative of loose sand, particularly from 4.57 to 7.32 m and from
8.53 to the end of the log at almost 15.24 m. Note that the ‘gap’ in the CPT data
is due to removal of data where |; was greater than 2.5. However, no SPTu’s
were performed at the depths where the data were removed.
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Figure 5.7: Massey CPT Profile
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5.2.3 (qc1n)/(N1)so Ratio at the Massey Site

Figure 5.9 shows the variation in the (qc1n)/(N1)eo ratio with increasing (N1)so
values at the Massey site compared to the Aurora site. The CPT g1, data was
averaged over one meter, from half a meter above to half a meter below the
SPTu test depth, then divided by the (N1)eo value at that particular depth. The
SPTu test depth is noted for each data point on the chart.

Upon examination of Figure 5.9 it can be seen that six of the seven points show
a (ge1n)/(N1)eo ratio between approximately 4.5 and 5.5.
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Figure 5.9: g.1./(N)so ratio at Massey Compared to Aurora

5.2.4 SPTu Pore Pressure Response

This section discusses the pore pressure measurements made during the
SPTu’s. Unfortunately, the pore pressure measurement system did not function
properly for the tests at depths of 7.72, 8.56 and 9.33 m. It was later discovered
that the down-hole signal amplifier was not functioning properly for those tests.
Adara Systems personnel were able to change the amplifier and data was
obtained for the successive three tests.

5241 SPTuat1.52m

As mentioned, the first SPTu was performed at a depth of 1.52 m, which was
above the ground water table. The purpose of the test was to establish the
response of the SPTu pore pressure transducer to the stresses imposed on it
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during the test. The blow counts for the first, second and third 152 mm (6 inch)
intervals of penetration were 3, 4 and 4 for an N of 8 and an (N1)s of 18.4 when
corrected for the measured energy ratio, and the overburden stress. The overall
baseline pore pressure response (on a macro scale) of the transducer is shown

in Figure 5.11.
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Figure 5.11: SPTu Pore Pressure Response (depth 1.52 m)

The figure shows very large spikes of as much positive and negative 125 kPa
relative to the baseline pore pressure. At a depth of 1.52 m, the vertical effective
stress is approximately 30 kPa so the figure shows pressure spikes as high as
four times the vertical effective stress.

Figure 5.13 shows the SPTu pore pressure response on a much smaller time
scale for the first of eleven blows at a depth of 1.52 m. The response from the
other 10 blows is shown in Appendix C. The down hole force load cell response
is also plotted on the chart to illustrate the lack of time lag between the force
reaching the sampler and the time for pore pressure response.

There are a few important features to note about the pore pressure response
shown in Figure 5.13. As mentioned, the magnitude of the positive and negative
pore pressure ‘peaks’ is much greater than the actual effective vertical stress at
this depth. There is little to no time lag between the force reaching the sampler
and the pore pressure response (less than 1 msec response). No residual pore
pressure was measured on this particular blow (or any blow at this depth). That
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is, no sustained pore pressure increase was measured during any of the blows at
a depth of 1.52 m. Just after the blow, the pore pressure response is very
cyclical, attenuating over time to no residual pressure. In reality, much of the
cyclical response is due to the stress wave in the drill rods and the motion of the
pore pressure transducer. Itis believed that the pore pressure transducer acts
as an accelerometer and as a result, much of the cyclical response just after the
blow is due to the shaking of the device. Adara tested a number of SPTu
sampler prototypes in hopes of eliminating this effect. However, in the interests
of saving time and money on the development of the device, it was not possible
to eliminate this effect. It may be possible to eliminate this effect by placing an
actual accelerometer down the hole near the sampler and developing a
correction to the pore pressure response based on the measured acceleration of

the sampler.

] 60 - e 150
| i
‘? 40 +— 4~ - - - = — — - — —--+ 100 ‘

o : !
2 |
'@ 209 — - -50
=
\' S

L ; N
‘1 E i [T
el - 0 |
| € [3.8 cm Penetrationw

5 40 +— f e e e e e e e — -k 100

60 3 : — — -150
15.046 15.051 15.056 15.061 15.066
Time (sec)
i T —SPTu Approx. duratiqg of samplgr movement e Forc? l

Figure 5.13: SPTu response (Depth 1.52 m (5'), blow 1 of 11; 3.8 cm of sampler penetration)

5242 SPTuat7.72m

The second SPTu was performed at a depth of 7.72 m. The blow counts for the
first, second and third 152 mm (6 inch) intervals of penetration were 4, 3 and 3
respectively for an N value of 6 and an (N4)go value of 11.6 when corrected for
measured energy ratio and overburden stress. The pore pressure response at
this depth for all blows is shown in Figure 5.15.
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Figure 5.15: SPTu Pore Pressure Response (depth 7.72 m)

It is quite clear from Figure 5.15 that the pore pressure transducer failed to work
properly for this test at a depth of 7.72 m. Measured pore pressures as low as -
1500 kPa relative to the in-situ pore pressure were measured, but are clearly not
realistic. It was later found that the down-hole signal amplifier had somehow
been damaged during the testing and that this was the reason for the erratic pore
pressure transducer response.

5243 SPTuat8.56m

The pore pressure transducer was also not functioning properly for the SPTu
performed at 8.56 m deep. The pore pressure transducer response for each
blow is shown in Appendix C. As mentioned in the previous section, the down-
hole signal amplifier was damaged, which was the reason for the unreliable pore
pressure results at this depth.

5244 SPTuat9.33m

The pore pressure transducer was also not functioning properly for the SPTu
performed at 9.33 m deep. The pore pressure transducer response for each blow
is shown in Appendix C. As mentioned, the down-hole signal amplifier was
damaged, which was the reason for the unreliable pore pressure results at this
depth.
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5245 SPTuat10.80m

The fifth SPTu was performed at a depth of 10.80 m. Prior to this test, the down
hole signal amplifier was replaced, which resulted in the measurement of
reasonable data. The blow counts for the first, second and third 152 mm (6 inch)
intervals of penetration were 3, 3 and 4 respectively for an N value of 7 and an
(N+)eo value of 12.8 when corrected for measured energy ratio and overburden
stress. The pore pressure response at this depth for all blows is shown in Figure

5.17.
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Figure 5.17: SPTu Pore Pressure Response (depth 10.80 m)

The above figure shows very large spikes as great as positive 55 kPa and
negative 87 kPa relative to the baseline pore pressure. It is important to note the
rising residual pore pressure. Figure 5.17 shows a rising residual pore pressure
after each blow for the first seven blows after which, the rising residual pore
pressure levels off. After the ten blows, the measured residual pore pressure
rose to almost 20 kPa, which corresponds to a pore pressure ratio of 0.17.

Figure 5.19 shows the SPTu pore pressure response on a much smaller time
scale for the first of ten blows at a depth of 10.80 m. The force load cell
response is also plotted on the chart to illustrate the lack of significant time lag
between the force reaching the sampler and the time for pore pressure response.

There are a few important features to note about the pore pressure response
shown in Figure 5.19. The magnitude of the positive and negative pore pressure
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‘peaks’ are much greater than the actual effective vertical stress at this depth. As
noted earlier, it is believed that much of the cyclical response is due to the
shaking of the pore pressure transducer, which appears to be acting as an
accelerometer. How much of the cyclical response is due to the actual pore
pressure and how much is due to shaking of the transducer is not known.
However, the approximate duration of the bulk of sampler penetration is also
shown on the chart and was estimated from work conducted by Daniel and
Howie (2004). It is shown on the chart that much of the cyclical response occurs
during penetration of the sampler, and attenuates quickly after penetration of the
sampler ceases. It should be noted though, that this is a very rough estimate of
the duration of sampler penetration. For future research studies using the SPTu
device, it may be useful to use the wave equation to better understand how the
pore pressure responds to the amount and duration of sampler penetration.

Figure 5.19 shows that the cyclical pore pressure response attenuates into a
reasonably smooth and constant positive residual pore pressure of about 15 kPa
above the initial in-situ pore pressure.
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Figure 5.19: SPTu response (Depth 10.80 m, blow 1 of 10; 6.4 cm of sampler penetration)

Figure 5.21 shows the last blow from the test at 10.80 m deep. The measured
pore pressure just before the blow is approximately 14.5 kPa (relative to the initial
in-situ pore pressure) and after the blow, the residual pore pressure rises to
almost 20 kPa.

The pore pressure response from the other blows at this depth is shown in
Appendix C.
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Figure 5.21: SPTu response (Depth 10.80 m, blow 10 of 10; 2.5 cm of sampler penetration)

Figure 5.24 illustrates the change in residual pore pressure as the SPTu test
proceeds. The upper line shows the change in residual pore pressure during the
SPTu if the residual is defined as the pressure attained as the cyclical pore
pressure response attenuates into an essentially smooth residual pressure. The
lower line shows the residual pore pressure taken just before the next blow.
Thus, the chart shows that, as expected, the residual pore pressure decreases
between blows as dissipation of the pore pressure occurs.
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Figure 5.24: Change in residual pore pressure during SPTu (Depth 10.80 m)

The Pore Pressure Ratio (PPR) is defined as the ratio between the change in
pore pressure relative to the in-situ pore pressure and the vertical effective stress
(PPR=AuU/c,’). Thus, for liquefaction around the sampler to be measured, the
PPR must equal one.

For the SPTu conducted at a depth of 10.80 m, the measured peak residual
pressure of 28 kPa equates to a PPR of 0.23. Therefore, while liquefaction did
not occur at the location where the pore pressure is measured (about 10 cm
above the bottom of the sampler shoe), the 28 kPa peak change in pore pressure
represents a 23% reduction in the vertical effective stress. This is a significant
reduction in vertical effective stress and is likely to have an impact on the
penetration resistance of the sand for successive blows. In addition, itis well
known that penetration resistance is controlled more by horizontal in situ stress
than vertical stress (Schmertmann 1979). Thus, for the case of an embankment
dam, such as at Aurora, where the horizontal stress is lower than the vertical
effective stress, the 28 kPa peak change in pore pressure would actually
represent a much larger reduction in the horizontal effective stress. If the
horizontal stress is equal to half the vertical effective stress, the 28 kPa peak
would represent a 46% reduction in horizontal effective stress. This reduction in
horizontal effective stress may result in a substantial decrease in penetration
resistance.
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Furthermore, pore pressure in the SPTu was measured 9.9 cm above the base of
the sampler shoe. Higher pore pressures may exist nearer to the end of the
sampler shoe where compressive stresses are higher. In the cone penetration
test, the largest pore pressures are measured in the zone beneath the cone
where the compressive stresses are the largest. The normal stresses dominate
the pore water pressure response beneath the cone, while the shear stresses
dominate the response along the shaft (Lunne et al. 1997). Thus, it seems likely
that the shear stresses along the sampler wall dominate the pore pressure
response during the SPTu. Therefore, even higher pore pressures may be
generated beneath the sampler shoe where the normal stresses and stress
change are greater.

5246 SPTuat1241m

The sixth SPTu was performed at a depth of 12.41 m. The blow counts for the
first, second and third 152 mm (6 inch) intervals of penetration were 3,2 and 5
respectively for an N value of 7 and an (N1)eo value of 12.3 when corrected for
measured energy ratio and overburden stress. The pore pressure response at
this depth for all blows is shown in Figure 5.26. Note that for this test an extra
blow was recorded after the full 46 cm (18 inches) of penetration due to the
hammer not being shut off fast enough. The vertical effective stress at this depth
is approximately 135 kPa.
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Figure 5.26: SPTu Pore Pressure Response (depth 12.41m)

The above figure shows measured pore pressure peaks of as high as 80 kPa.
Most measured pore pressure lows were between —100 and —150 kPa relative to
the baseline pore pressure, however one measurement was as low as —350 kPa.
However, as mentioned earlier, these peaks probably do not reflect the actual
pore pressure in the sand. Rather, they probably reflect the shaking of the pore
pressure transducer.
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Figure 5.28 shows the same cyclical pore pressure response shown earlier, that
attenuates after approximately 50 milliseconds into a residual pore pressure of
approximately 20 kPa relative to the initial in-situ pore pressure.
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Figure 5.28: SPTu response (Depth 12.41m, blow 1 of 11; 7cm of sampler penetration)

Figure 5.31 shows the pore pressure trace from the last blow of the test at 12.41
m (40’8”). Figure 5.31 is plotted on the same time scale as Figure 5.28 and
shows that the pore pressure response for the last blow at this depth attenuates
much more rapidly than of first blow.
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Figure 5.31: SPTu response (Depth 12.41m, blow 11 of 11; 2.5 cm (1”) of sampler
penetration)
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At the end of the final blow shown in Figure 5.31, the residual pore pressure fell
to approximately -8 kPa relative to the initial in-situ measured pore pressure.
Figures showing the pore pressure response for the other biows at this depth are
shown in Appendix C.

Figure 5.34 illustrates the change in residual pore pressure as the SPTu test
proceeds. As noted in the test for the previous depth, the upper line shows the
residual pore pressure taken just as the cyclical response attenuates while the
lower line shows the residual pressure taken just before the next blow. In this
case, the chart shows a spike in the residual pore pressure to a high of 23 kPa
on the first blow, which is equal to a PPR of 0.16. The residual pore pressure
then decreases steadily finally reaching -8 kPa relative to the initial in-situ pore
pressure after the final blow.
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5247 SPTuat13.92m

The seventh and final SPTu was performed at a depth of 13.92 m. The blow
counts for the first, second and third 15 cm (6 inch) intervals of penetration were
5, 5 and 8 respectively for an N value of 13 and an (N+)so value of 20.5 when
corrected for measured energy ratio and overburden stress. The pore pressure
response at this depth for all blows is shown in Figure 5.36. Note that for this test
an extra blow was recorded after the full 457 mm (18 inches) of penetration due
to the hammer not being shut off fast enough. The vertical effective stress at this
depth is approximately 148 kPa.
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Figure 5.36: SPTu Pore Pressure Response {depth 13.92m)
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Figure 5.39 shows the same cyclical pore pressure response seen in other blows
that attenuates after approximately 50 milliseconds and shows a rise in pore
pressure to a residual pore pressure of approximately 10 kPa. The 10 kPa rise in
pore pressure represents a PPR of 0.07.
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Figure 5.39: SPTu response (Depth 13.92m, blow 1 of 19)

By the final and 19™ blow, shown in Figure 5.42, the measured increase in
residual pore pressure had decreased to -50 kPa relative to the initial baseline
pore pressure. Again, note that Figure 5.39 and Figure 5.42 are on the same
time scale and show that the pore pressure response for the last blow at this
depth attenuates much more rapidly than that of the first blow.
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Figure 5.42: SPTu response (Depth 13.92m, blow 19 of 19)
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Figure 5.45 illustrates the change in residual pore pressure measured as the
SPTu test proceeds. As noted earlier, the upper line shows the change in
residual pore pressure taken just as the cyclical pore pressure response
attenuates, while the lower line shows the residual pore pressure response taken
just before the next blow. In this case, the chart shows a spike in the residual
pore pressure to a peak of 20 kPa on the first blow (equivalent to a PPR of 0.14).
The residual pore pressure then decreases steadily finally reaching
approximately —50 kPa relative to the initial in-situ pore pressure after the final
blow. Thus, by the final blow, a substantial increase in effective stress was
measured. Since the initial vertical effective stress at this depth was 148 kPa,
the negative 50 kPa residual pore pressure represents a 33% increase in the
effective stress.
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Figure 5.45: Change in residual pore pressure during SPTu (Depth 13.92m)

Figure 5.24, Figure 5.34 and Figure 5.45 show how the residual pore pressure
changes with increasing blows during the SPTu (for depths 10.80 m, 12.41 m
and 13.92 m respectively). At a depth of 10.80 m, the residual pore pressure
increased steadily for the duration of the test. For the next test at a depth of
12.41 m, positive residual pore pressures were initially measured, but with
increasing blows, the residual pore pressures decreased finally ending in a
slightly negative residual pore pressure. For the final test at a depth of 13.92 m,
again positive residual pressures were measured on the first blow, but with
successive blows, the residual pore pressure steadily decreased until the final
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blow where a residual pore pressure of negative 50 kPa was measured relative
to the initial in-situ pore pressure.

However, upon examination of the relative density determined from the CPT
(shown in Figure 5.47), it can be seen that the approximate relative density
increased from about 45% at a depth of 10.80 m to 48% at a depth of 12.41 m to
56% at a depth of 13.92 m.
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Figure 5.47: Change in approximate relative density with depth (Massey Site)

Thus, it may be that for the first SPTu at a depth of 10.80 m, the sand was loose
enough to act in a contractant manner for the entire duration of the test. This
would result in positive excess pore pressures being generated during the test.
However, by the final SPTu at a depth of 13.92 m, the sand may have acted in a
contractant manner on the first few blows, before quickly changing to a dilatant
response on successive blows. In this case, negative excess pore pressures
would be expected. For the test at 12.41 m deep, the pore pressure response
appeared to be in between the other two tests, which makes sense since the
relative density at that depth was in between the relative density of the other two
tests.

The apparent response of the pore pressure to the density of the sand makes
sense when the SPT is compared to the CPT. It was noted earlier that shear
stresses dominate the pore pressure response along the cone shaft. For the
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CPT, shear stresses may induce either positive or negative pore pressure
changes, depending on the dilatantcy properties and the shear stress levels in
the soil (Lunne etal. 1997). Thus, it seems likely that this would also apply to
the SPT with the pore pressure response being dominated by shear stresses
along the sampler barrel wall and the dilatancy properties of the soil.

In addition, disturbance due to drilling and loosening of the sand at the base of
the borehole may have resulted in positive excess pore pressures being
generated for the first few blows. In each case the largest positive change in
pressure occurred on the first blow, which occurred in the disturbed (and
probably loosened) sand. Then as penetration progressed, the density of the
sand may have increased in each case, resulting in either lesser positive
changes in pore pressure or negative changes in pore pressure depending on
the test.

5.2.5 Blast Probe Pore Pressure Measurements

For the first two tests at 1.52 m and 7.72 m respectively, the blast probe was
located at a distance of approximately 1.1 m away from the drill hole (in plan
view) and 22.9 cm (9 inches) below the beginning depth for each of the SPTu
tests. The blast probe was outfitted with a pore pressure transducer as well as a
triaxial accelerometer.

For the first two SPTu tests, the blast probe did not measure any noticeable
change in pore pressure during the tests. Figures that illustrate this can be seen
in Appendix D. The likely reason that no pore pressure change was measured is
that the energy and shock wave created in the soil and pore fluid was not great
enough to result in a measurable increase.in pore pressure at a distance of 1.1 m
away.

For the five remaining SPTu’s, the blast probe was moved to a new location
approximately 29.2 cm (11.5 inches) from the SPTu hole in plan view and kept at
the same depth arrangement (22.9 cm below the SPTu starting test depth). It
was hoped that by moving the blast probe closer that a higher quality
acceleration trace would be obtained and that there might be a chance of
measuring a pore pressure increase due to the SPTu testing.

5.2.5.1 Blast Probe Pore Pressure at 8.56 m

At a depth of 8.56 m, the blast probe did record changes to the measured pore
pressure during the test. A typical example is shown in Figure 5.50. The down
hole force is also shown on the chart to illustrate when the stress wave reached
the sampler and when the sampler began to move. The figure shows that
immediately following the blow, there was a small increase in pore pressure from
59 kPa to 60 kPa. This was followed by a sharp decrease in pore pressure from
60 kPa to 54.5 kPa after which point the pore pressure rose more slowly to a
peak of 61 kPa at a time of 28.88 seconds. The other blast probe pore pressure
traces from the other blows can be found in Appendix D.
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The 1 kPa increase in pore pressure is quite small in relation to the in-situ pore
pressure (59 kPa). However, the reading was made from a distance of
approximately 30 cm away and one would expect higher pore pressures nearer
to the test.

It should be noted that Figure 5.50 shows a typical test from a depth of 8.56 m.
Typical characteristics to note are the small increase, sharp decrease and sharp
increase in pore pressure followed by a more gradual increase above the initial
in-situ pressure.
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Figure 5.50: Blast probe pore pressure response (Depth 8.56 m, biow 4 of 9)

5.2.5.2 Blast Probe Pore Pressure at 9.33 m

At a depth of 9.33 m, the blast probe did record changes to the measured pore
pressure during the test. An example of this is shown in Figure 5.52. The down
hole force is also shown on the chart to illustrate when the stress wave reached
the sampler and when the sampler began to move. The figure shows that after
the first blow, the pore pressure at the blast probe increased from 63 kPa to 65
kPa. However, this increase in pore pressure was not sustained between blows.
Thus, the measured pore pressure before each blow was 63 kPa and no
sustained residual increase in pore pressure was measured. The other blast
probe pore pressure traces from the other blows can be found in Appendix D.

While an increase in pore pressure of 2 kPa may not seem like much, it should
be noted that the measurement was made from a distance of about 30 cm (a

foot) away from the SPTu. Thus, much higher pore pressures would be expected
nearer to the SPTu.
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Figure 5.52: Blast probe pore pressure response {Depth 9.33 m, blow 1 of 8)

It should also be noted that two bounces of the hammer (in addition to the initial
blow) were recorded by the down-hole transducer and are shown in Figure 5.52.
As can be seen in the figure, the pore pressure response to the hammer bounces
occurs quite quickly. In fact, the pore pressure responds after just two
milliseconds in both cases. Thus, the velocity of the pressure wave is about 150
m/s (v=d/t where d=30.5 cm (12 inches) and t=0.002 sec). This agrees well with
the expected shear wave velocity of loose sand. Thus, the blast probe measured

pore pressure changes due to the generation of shear waves rather than
compressive waves.
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5.2.5.3 Blast Probe Pore Pressure at 10.80 m

The blast probe pore pressure results from a depth of 10.80 m are shown in
Figure 5.54. In this case it was felt that the results from the first blow were not
representative of the majority of the blows. The blast probe pore pressure trace
shown in Figure 5.54 is very similar to blows three through 10. With the
exception of the first blow, every blow shows a small and sudden decrease in
pore pressure of approximately 3 kPa followed by a slower rise in pore pressure
to between 2-4 kPa above the initial baseline pore pressure. The increase in
pore pressure was not sustained between blows so the measured pore pressure
before each blow was 81 kPa and no residual increase in pore pressure was
measured. The other blast probe pore pressure traces from the other blows can
be found in Appendix D.
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Figure 5.54: Blast probe pore pressure response (Depth 10.80 m, blow 2 of 10)
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5.2.5.4 Blast Probe Pore Pressure at 12.41 m

The blast probe pore pressure results from 12.41 m deep are considerably more
erratic and unpredictable than for the previous test. A good example of this type
of response is illustrated by Figure 5.56, which shows the response from the
fourth blow of ten blows. The figure shows a sharp dip in pore pressure
approximately 5 milliseconds after the stress wave reached the sampler, much
like the test at the previous depth. However, Figure 5.56 shows a very erratic
pore pressure response that varied by as much as 5 kPa in places — a great deal
more than for either of the previous two tests. In addition, it is much harder to
qualitatively identify a pattern between the SPT blow and the pore pressure
response measured by the blast probe. The difficulty in interpreting the blast

probe pore pressure response may be due, in part, to the increased density of
the sand at this depth.
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Figure 5.56: Blast probe pore pressure response (Depth 12.41 m, blow 4 of 10)
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5.2.5.5 Blast Probe Pore Pressure at 13.92 m

Very little correlation was observed between the SPTu blows and the blast probe
pore pressure response. Evidence of this lack of correlation is illustrated in
Figure 5.58, which shows a blast probe pore pressure response for blow 15 of 19
and is typical of most blows from the test depth of 13.92 m. The blast probe pore
pressure response is similarly erratic when compared to the test from a depth of
12.41 m. This figure also shows the sharp dip in pore pressure approximately 5
milliseconds after the stress wave reached the sampler. In addition, Figure 5.58
also shows a very erratic pore pressure response that varies by as much as four
kPa in places. With the exception of the characteristic dip in pore pressure just
after the SPTu blow, it is very difficult to discern any reasonable correlation
between the SPTu blow and any change in the blast probe pore pressure
response. The difficulty in interpreting the blast probe pore pressure response
may be due, in part, to the increased density of the sand at this depth.
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Figure 5.58: Blast probe pore pressure response (Depth 13.92 m, blow 15 of 19)

5.2.6 Peak Particle Velocity

In addition to making pore pressure measurements, the blast probe was also
equipped with a triaxial accelerometer. Results from the accelerometer were
integrated to obtain particle velocity at the blast probe location.

Typical particle velocity measurements during a SPT blow are shown in Figure
5.60. The figure shows the results from the last of ten blows from a depth of
10.80 m. Figure 5.60 shows a peak particle velocity of approximately 0.35
mm/sec. To see the particle velocity traces for each blow at each depth, refer to
Appendix E.
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Figure 5.60: Peak particle velocity measurement from test at 10.80 m (blow 10 of 10)

The relationship between SPTu blow number and peak particle velocity is shown
in Figure 5.62 for all SPTu’s performed. The figure shows a strong trend, in most
cases, between increasing blow numbers and decreasing peak particle velocities
measured. It should be noted that for the test depth of 1.52 m and 7.72 m the
blast probe was located 1.12 m away from the test, while for the remainder of the
tests the blast probe was located much closer at a distance of only 29 cm. For
the latter 5 tests where the probe was located at a distance of 29 cm away from
the SPTu, correlation coefficients range from 0.75 to 0.96 indicating good to
excellent correlation between decreasing peak particle velocity as blows increase
as the test proceeds.
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Figure 5.62: Correlation between blow number and peak particle velocity

A number of researchers have conducted research on problems of blast induced
liquefaction (Al-Qasimi et al. 2005; Charlie et al. 1992; Veyera and Charlie 1988,
Veyera and Charlie 1990). Residual pore pressures and liquefaction may be
generated in saturated sand by one or more cycles of compressive strain, which
may be followed by one or more cycles of shear strain that may be generated by
detonation of explosives.

The scaled distance is a parameter that is often useful for comparing one set of
vibration results to others. The ratio R/M® is the scaled distance, where:
+ R s the vector distance between the explosive source and the point of
vibration monitoring in m
» Mis the charge mass in kg
o Sis a scaling constant, typically ¥z but may be 1/3 in some cases

When % is used as the scaling constant, it is called square root scaling and when
1/3 is used as the scaling constant, itis called cubed root scaling. Square root
scaling (R/M'2) is used in most cases of blasting regulations. Cubed root scaling
(RIM" is often used in construction blasting at distances under 6 m (Lucca
2003) or for very large explosives such as nuclear blasts, or where the explosive
acts as a point charge rather than a cylindrical charge like in most boreholes.
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in addition to blasting applications, vibrations monitoring and commonly used
blasting relationships are often applied on construction jobs where piles are
being driven. It was thought that these relationships may be applicable to the
SPT and that measured particle velocity data might be able to be used to
estimate generated pore pressure changes due to the test.

Most relationships for blasting relate the charge weight, M, and vector distance,
R, to peak particle velocity. The SPT cannot directly be expressed as a charge
mass, however, an attempt to express the SPT as an equivalent charge mass
was made.

It is well documented that 1 kg of TNT has 4,186,800 J of energy. The SPT is
capable of imparting a maximum theoretical energy of 474 J (63.5 kg hammer
mass times 76 cm fall height = 474 J). This means that the theoretical energy of
the SPT is equivalent to the energy of 1.1x10™ kg of TNT. However, at the
Massey Site the average measured energy of the SPTu was 113% in the zone of
interest. In all calculations, the SPT’s equivalent charge mass of TNT was
corrected for the actual energy of the SPT rig and used to calculate the scaled
distance.

Figure 5.64 and Figure 5.66 show the measured peak particle velocity versus the
scaled distance for each blow on each test. Equation 5.4 and Equation 5.5
represent the upper and lower bounds of best-fit lines to predict peak particle
velocity based on the known scaled distance. These equations are empirical and
were developed from previous field explosive tests (Charlie et al. 1992; Drake
and Little 1983). Although the equations are empirical they do have some
theoretical basis. The exponents (-2.5 and -2.06) account for material properties
and shock dissipation within the material and incorporate reduction of the charge
mass from a squared root to a cubed root. The constants (5.6 and 8.75) are a
function of the material properties of the soil.

PPV = 5.6(R/M°)%** (Drake and Little 1983) (5.4)
PPV = 8.75(R/IM%)2%  (Charlie etal. 1992)  (5.5)

Where:

PPV is peak particle velocity (m/sec)

R is the vector distance in m

M is the explosive mass in kg

S is the factor by which the mass is scaled. Typically, sis 2 or
1/3.

In this case, the measured vector distance is 1.1 m and 0.29 m (11.5”) for the first
two and last five tests respectively. Since the distance is much less than 6 m,
one might assume that cubed root scaling would be appropriate, however the
energy imposed on the soil by the SPTu is typically 0.01% of the energy of one
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kilogram of TNT and thus, the cubed root scaling may not be appropriate in this
case. Both the square and cubed root scaling methods were examined.

Figure 5.64 shows the scaled distance versus measured peak particle velocity
data if squared root scaling is used. Figure 5.66 shows the scaled distance
versus measured peak particle velocity data if cubed root scaling is used.
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Figure 5.64: Scaled distance and measured peak particle velocity (squared root scaling)
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Figure 5.66: Scaled distance and measured peak particle velocity (cubed root scaling)

If Figure 5.64 and Figure 5.66 are compared, it is easily seen that squared root
scaling yields better agreement with equations 5.4 and 5.5. This is likely
because the SPT generates four orders of magnitude less energy than one
kilogram of TNT. In fact, it may even be appropriate to use an exponent larger
than % to scale the equivalent charge weight of the SPT because of the
difference in energy between it and using explosives.

Al-Qasimi et al. (2005) developed a relationship between peak particle velocity
and pore pressure ratio measured after detonation of explosives in saturated
Syncrude tailings sand as follows:

PPR = 1.32(PPV)%% (5.6)

Where:

e PPRis the pore pressure ratio (PPR=Au/c,’)
o PPV s the peak particle velocity in m/sec

The above equation was used to approximate pore pressure ratios from the
measured peak particle velocity from the Massey site and the result is shown in
Figure 5.68.
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Figure 5.68: Relationship between PPR and PPV (PPR = 1.32(PPV)"*®) (Al-Qasimi et al.
2005)

Figure 5.68 shows that Equation 5.6 calculates pore pressure ratios ranging from
0.004 to 0.03. The smallest calculated PPR’s are from the first two SPTu tests
for which the blast probe was located at a distance of 1.1 m away. The larger
PPR’s were calculated from vibration data collected during the third through
seventh SPTu test for which the blast probe was located much closer at a vector
distance of 29 cm away. Thus, Equation 5.3 calculates that pore pressure ratios
of 0.01 to 0.03 may be expected up to a 30 cm away from an SPT test in loose
sand. Assuming an average vertical effective stress in the zone of interest of 130
kPa, a PPR of 0.01 equates to a change in pore pressure of 1.3 kPa. A change
in pore pressure of 1.2 kPa is in reasonable agreement with the pore pressure
changes measured by the blast probe.

Since Equation 5.6 predicts pore pressure ratios of up to 0.03 at a distance of
about a 29 cm away from an SPT test in loose sand, an effort was made to
estimate the pore pressure ratio much closer to the test where much higher
PPR’s would be expected and to see if the blast induced liquefaction
relationships would allow estimation of the pore pressures generated near to the
SPT cutter shoe.
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At a distance of 5 cm from the SPT, the scaled distance drops to 4.4 m/kg®?®
when squared root scaling is used. An extrapolated best-fit line through the data
shown in Figure 5.70 indicates that a peak particle velocity of 4.5 mm/sec might
be expected at a distance of 5 cm from the SPT.
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Figure 5.70: Extrapolating measured data to estimate PPV 5 cm from the SPT

Figure 5.72 shows the same chart as Figure 5.68, except that a best-fit line
through the data was extrapolated to estimate the PPR at a distance of 5 cm
from the SPT. At a distance of 5 cm from the SPT, it was noted that a PPV of
almost 4.5 mm/sec would be expected. From the extrapolated relationship in
Figure 5.72, a PPR of 0.04 would be predicted at a distance of 5 cm from the
SPT. At a vertical effective stress of 130 kPa, this equates to a change in pore
pressure of 5.2 kPa. This result is not in good agreement with results from the
SPTu testing, which measured much greater pore pressure changes.
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Figure 5.72: Extrapolating to estimate PPR 5 cm from the SPT

Another relationship to calculate PPR was developed by Al-Qasimi et al. (2005)
based on scaled distance rather than measured peak particle velocity. In
Equation 5.4, SD stands for scaled distance. In this case, square root scaling

was used to calculate scaled distance since it provided a better fit between the

SPT data and the blasting data.

PPR = 16.27 [SD] "% (5.7)

The results of Equation 5.4 are shown in Figure 5.74. The chart shows that
PPR’s as large as 0.2 are calculated at a distance of 30 cm away from the SPT.
Again, assuming an average vertical effective stress of 130 kPa, this equates to a
change in pore pressure of 26 kPa, which does not agree well with the pore
pressure measurements from the blast probe, which were about an order of
magnitude lower.

As indicated in Figure 5.74, the equation calculates a PPR of one when the
scaled distance equals approximately 6 m/kg'’2. That equates to a PPR of one at
a distance of approximately 6.8 cm. Thus, using this equation, one would expect
liquefaction of the sand at a distance of 6.8 cm from the SPT sampler. This
result seems completely unrealistic for the SPT, especially when compared to the
pore pressures measured with the SPTu device.
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Figure 5.74: Calculated PPR based on Scaled Distance

5.2.6.1 Remarks on Particle Velocity Measurements

Equation 5.6 was used to calculate the expected PPR close to the SPTu device
based on the measured peak particle velocity. As noted, the equation results in
reasonable calculation of PPR.

Equation 5.7 was also used to calculate the PPR close to the SPTu device based
on the calculated scaled distance. As noted, the equation results in gross over
prediction of the PPR compared with results measured with the SPTu device.

Use of relationships between PPV, PPR and scaled distance developed for blast
induced liquefaction should probably not be applied to the SPT. The energy of
the SPT is a several magnitudes smaller than the energy of actual explosive
blasts. In studies of blast-induced liquefaction, measurements of pore pressure
were made from much greater distances compared to the SPTu testing and the
scale effects of applying blast-induced liquefaction relationships to the SPTu are
not known.

In addition, it was previously noted that either positive or negative excess pore
pressures could be generated from the SPT depending on the stress level and
dilatancy of the soil. However, the literature generally only considers the blast-
induced pore pressure changes are generally only positive away from the blast.
As a result, the blast-induced liquefaction relationships are not able to capture
the effects of the stress level and dilatancy close to the SPTu device. In addition,
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blast induced liquefaction relationships are not capable of correctly predicting the
negative pore pressures, which may be generated by the SPT.
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6.0 SUMMARY AND CONCLUSIONS

Syncrude initiated a site investigation program to study loose beach below water
deposits of sand in areas of the Aurora tailings dam to determine whether or not
there might be potential for liquefaction of the BBW sand.

During the site investigation, it was discovered that the SPT and CPT results did
not correlate well with each other. The cone tip resistance to blow count ratio
(ge1n/(N1)so) was found to vary substantially. Moreover, it was found that the
de1n/(N1)so ratio was dependent on the blow count, but not on the cone tip
resistance.

The objective of this thesis was to find an explanation for the observed
discrepancy between the CPT and SPT data at Aurora and find an explanation
for the observed dependence of the qc1n/(N1)eo ratio on the SPT blow count.

It was postulated that either one or both of the following two hypotheses might
explain the observed data:

1. In loose sands where the blow count is expected to be low, the weight of
the rods, sampler and hammer overwhelms the sand’s resistance to
penetration resulting in lower than expected blow counts relative to the
CPT data. The effect of the weight of the rods would be more pronounced
in loose sand compared to dense sand.

2. The SPT itself may cause small zones of liquefaction in and around the
sampler shoe in the loose BBW sand. It may be that the dynamic nature
of the SPT may cause a cyclic increase in the pore water pressure in the
loose fine sand around the sampler shoe. A rise in the pore pressure
around the sampler shoe would result in a decrease in effective stress and
thus, penetration resistance. This would result in a low blow count relative
to the equivalent blow count obtained from the CPT. It would not be
necessary for actual liquefaction to occur for the SPT blow count to be
affected. Any significant increase in pore pressure due to the test would
result in a decrease in effective stress and a decrease penetration
resistance and blow count.

In order to confirm or reject the first hypothesis, the work of Schmertmann (1979)
was first examined. Schmertmann developed a theory based on the static forces
acting on the SPT and CPT that linked the two tests and allowed prediction of the
cone tip resistance based on the measured blow count. Because Schmertmann
included the weight of the SPT rods, sampler and hammer in his static theory, a
blow count as low as zero might be measured but a cone tip resistance of zero is
not predicted by his theory. As a result, when Schmertmann’s work is used to
predict the gc1n/(N1)go ratio, the ratio increases to infinity as the blow count drops
to zero. However, at blow counts greater than about 10, Schmertmann’s work
predicts a qc1n/(N1)so ratio of about 5, which agrees well with what is observed
from the literature.

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



It was also postulated that in very loose sand, one might observe some amount
of penetration in the borehole due solely to the weight of the SPT equipment,
termed “self-weight penetration”. Schmertmann’s theory was extended and an
equation to predict self-weight penetration in loose sands was developed. The
equation is dominated by low vertical effective stresses near to the surface,
which, theoretically, would result in large self-weight penetration predictions.
However, at greater depths for sand with a constant relative density, the equation
predicts increasing self-weight penetration with depth. The reason for this is that
the weight of the rods increases in a linear manner with depth, while the
expected cone tip resistance increases at a slower, non-linear manner with depth
(for a deposit with constant relative density). As a result, one would expect that
the weight of the SPT rods would have a much larger impact on the blow count
with increasing depth and hence, higher qc1n/(N1)so ratios would be seen. This
prediction was supported by data collected from the Aurora site. Data were
presented that shows an overall trend of increasing gc1n/(N1)so ratio with depth.

In order to evaluate the second hypothesis, a field-testing program was
developed to monitor the pore water pressure during the SPT. A standard split
spoon sampler was outfitted with a pore pressure transducer and this test was
termed the SPTu. The SPTu device was developed by Adara and a number of
prototypes were tested before arriving at a final design where the pore pressure
transducer was located inside the split spoon sampler and measured the pore
pressure on the outside of the sampler wall through a small screen.

Changes in pore pressure during Standard Penetration Tests were measured
with the SPTu device. Positive residual pore pressures as high as 28 kPa above
the initial in-situ stress were measured in the test at a depth of 10.80 m, which
equates to a PPR of 0.23. While actual liquefaction was not measured with the
SPTu device, it seems likely that the 23% reduction in vertical effective stress
was likely to have an impact on the penetration resistance for successive blows.
In addition, it is well known that the horizontal stresses have approximately twice
the effect of the vertical stresses (Schmertmann 1979). Since the horizontal
stresses are lower than the vertical effective stresses in an earth dam, one would
expect that the 23% reduction in vertical stress represents a much greater
reduction in horizontal effective stress and hence penetration resistance.

For the next two tests at depths of 12.41 and 13.92 m, positive residual pore
pressures were measured on the first couple of blows, which then decreased with
successive blows and ended in negative residual pore pressures in both tests.
Residual pore water pressures of -8 kPa and —50 kPa relative to the initial in-situ
pore pressure were measured for the tests at 12.41 and 13.92 m, respectively.

Upon examination of the CPT data collected at the Massey site it was found that
the relative density increased from a depth of 10.80 m to 12.41 m and increased
further from a depth of 12.41 mto 13.92 m.
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Therefore, it may be that for the test at 10.80 m deep, the sand may have acted
in a contractive manner for the entire duration of the SPT. As the sand
contracted due to its collapse, positive residual pore pressures would be built up.

For the tests at 12.41 and 13.92 m deep, the sand may have initially acted in a
contractive manner generating positive residual pore pressures and then on
further penetration of the sampler was forced to dilate generating negative
residual pore pressures.

The blast probe was used to measure pore pressure changes away from the
SPTu. Data was presented that shows that the blast probe measured pore
pressure increases of up to 2 kPa as a result of the SPTu blows. While 2 kPa
might not seem like much, the blast probe was located at an average distance of
approximately 29 cm away from the SPTu. Therefore, one would expect to
measure much higher residual pore pressures if it was possible to locate the
blast probe even closer to the SPTu.

Relationships between PPV, PPR and scaled distance, which were developed for
analysis of blast induced liquefaction, were used in an attempt to predict the pore
pressure response measured by the blast probe. However, it was found that the
blast-induced liquefaction relationships could not predict the pore pressure
response as a result of dynamic nature of the SPT for the two reasons. Firstly,
that the relationships were developed using explosives with several orders of
magnitude more energy than the SPT and measurements were made from much
greater distances from the energy source. Secondly, the relationships are not
able to predict negative pore pressures, which may be generated in dense sand.

No amount of self-weight penetration was measured during the SPTu testing at
the Massey Tunnel site. However, it was shown through the self-weight
penetration equation that no self-weight penetration was predicted for the
Massey site. The calculations showed that in order to measure any significant
self-weight penetration, the SPT would have to be conducted in sand with a
relative density of less than about 22%. From CANLEX it was determined from
testing on high quality undisturbed samples that the average relative density of
the Massey deposit was 33%. Furthermore, the Massey sand was deposited
approximately 200 years ago and is aged, which would further increase
penetration resistance and decrease self-weight penetration predictions.

This research has shown that the range of qc1n/(N1)so ratio data and their
dependence on the blow count observed at Aurora can be explained by the effect
of the weight of the SPT hammer, rods and sampler. In fact, the dependence of
the gc1n/(N1)eo ratio on the blow count and high qc1n/(N1)so ratios should be
expected any time the SPT is used in very loose sands, particularly where the
depth of the testing exceeds approximately 10 m.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



At shallow depths (less than 10 m) where the rods are short, the SPT equipment
weighs less and has less of an impact on the blow count. In addition, in medium
dense to dense sands (where blow counts are greater than 10), the weight of the
SPT equipment has less of an impact on the biow count.

For loose sands, where the relative density is less than about 40%, the weight of
the SPT equipment appear to decrease the measured blow counts when the
depth is greater than about 10 m. One would expect the blow counts to
decrease as the relative density of the sand decreases and the depth increases.
Ultimately, it would appear to be possible for blow counts of 0 to be measured
where the sand is very loose and the depth of testing is very large.

In medium dense to dense sands, where the relative density is greater than
about 40%, the measured qc1n/(N1)eo ratio appears to decrease with increasing
relative density.

In addition, while more testing with the SPTu device would be recommended, this
research has also shown that it is possible that the dynamic nature of the SPT
may result in positive residual pore pressures being generated relative to the
initial in-situ pore pressure. Any increase in pore water pressure around the SPT
sampler shoe would result in a decrease in effective stress and the blow count,
which in turn may contribute to high gc1/(N1)eo ratios. As one would expect, the
highest sustained pore pressure increases were measured in the loosest sand
tested, while negative residual pore pressures (relative to the in-situ pore
pressure) were measured in denser sand. Since the Massey sand is denser and
older than the Aurora tailings sand, one might expect that greater positive
residual pore pressures might be observed if the SPTu device were to be tested
at Aurora.

The SPT probably should not be thought of as being more sensitive to loose
sand than the CPT. In fact, one might suggest that the opposite is true since the
weight of the SPT equipment plays such a major role in reducing the blow count
in very loose sands, while having much less impact in denser sands. It could be
said that the weight of the SPT equipment overwhelms the penetration resistance
of very loose sand especially at depths that exceed 10m.

The problems with the SPT are well documented throughout the literature. The
CPT is clearly the more reliable and repeatable of the two tests. Nevertheless,
the SPT is still often used in liquefaction investigations as a primary or secondary
means of conducting a liquefaction screening on a sand deposit. If the SPT isto
be used for investigations in loose sand at depths greater than about 10 m, the
engineer must keep in mind the effect of the weight of the SPT equipment on the
blow count. The engineer must realize that in loose sands, the SPT and CPT
data may not correlate well with each other and higher than expected qc1n/(N1)eo
ratios should be expected due to the effect of the weight of the SPT equipment
on the blow count. In very loose sands, pore pressure increases as a resuit of
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the dynamic action of the SPT may further contribute to higher qc1n/(N1)so ratios.
However, as noted, the pore pressure change appears to depend on the density
and stress state of the sand.

In essence, this research has served to point out two more factors to add to the
already long list of factors that have an impact on SPT results. The weight of the
SPT equipment and the potential changes in pore pressure around the SPT
sampler shoe due to the dynamic nature of the SPT both clearly have an impact
on the blow count in loose saturated sand, which may resultin a decrease in
measured blow count and an increase in the expected qc1n/(N1)eo ratio.

Unfortunately, it would probably be difficult to develop yet another correction to
the blow count to account for the weight of the rods since its effect would depend
on the relative density of the sand, which is often very difficult to determine with a
high degree of accuracy. In addition, it seems that it would be even more difficult
to develop a correction for the blow count to account for changes in pore
pressure (that might be positive or negative depending on the relative density of
the deposit), which occur during the test.

6.1 Summary of Conclusions

1. The variation in the gc1+/(N1)eo ratio and its dependence on the blow count
can be explained by the effect of the weight of the SPT equipment. The
weight of the SPT equipment was found to have an increasing impact on
the blow count with depth. High qc1n/(N1)eo ratios should be expected
when the SPT is used in very loose sands (i.e. (N1)so < 10) where the
depth of testing exceeds approximately ten metres (>10m).

2. ltis possible that the dynamic nature of the SPT may result in some
excess (positive or negative) residual pore pressure generation.

o Any increase in pore water pressure around the SPT sampler shoe
would result in a decrease in effective stress, penetration resistance
and blow count relative to CPT results, which in turn would
contribute to high gcin/(N1)so ratios. Conversely, the generation of
negative excess pore pressures in denser sand would resultin an
increase in blow count and possibly lower qc1n/(N1)eo ratios.

3. Ifthe SPT is to be used for investigations in loose sand at depths greater
than about 10 m, the engineer should be aware of the effect of the weight
of the SPT equipment on the blow count. The engineer should realize that
in loose sands, higher than normal gc1n/(N1)eo ratios can be expected due
to the effect of the weight of the SPT equipment on the blow count. In
very loose sands, pore pressure increases as a result of the dynamic
action of the SPT may further contribute to higher qc1n/(N1)eo ratios.
However, the changes in pore pressure are difficult to quantify.

4. In essence, this research has served to point out two additional factors to
add to the already long list of factors that have an impact on SPT results.
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6.2 Recommended Future Work

Recommended future work could include:

« To the author’s knowledge, only one other instance of the relationship
between the q¢1n/(N1)so ratio and the blow count has been reported. Thus,
it would be useful to obtain additional data from different sands at other
sites.

« Additional testing with the SPTu device for the purpose of:

o Measuring the pore pressure response of the SPTu device at other
depths in different sand with different relative density.

o Better defining the SPTu’s pore pressure response to the relative
density of the sand. More test data could aid in defining the
transition from dilative pore pressure response (negative residual
pore pressures being generated in dense sand) to contractive pore
pressure response (positive residual pore pressures being
generated in loose sand).

o |t would also be valuable, though difficult, for future research to
eliminate the cyclical pore pressure response that was measured
by the SPTu device and is thought to be the result of stress waves
and shaking of the SPT sampler.
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APPENDIX A: AURORA POND LOAD TEST DATA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

99



Pre-Embankment Aurora Pond Load Test SPT Data
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Post-Embankment Aurora Pond Load Test SPT Data
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Pre-Embankment Aurora Pond Load Test CPT Data
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Post-Embankment Aurora Pond Load Test CPT Data
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APPENDIX B: SPTy DESIGN AND ASSEMBLY
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Sampler Tube Modifications
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APPENDIX C: SPTy PORE PRESSURE RESPONSE
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SPTu Pore Pressure Response From 1.52 m Depth
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Blow 3 pore pressure response:
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Blow 5 pore pressure response:
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Blow 7 pore pressure response:

T 100 _— : 300 !
f : 1 250 |
D §7 o B

S o - 200 |

! 5 + 150

; g —- MJ[\ FYV i N 3 ‘

2 ¥ [ 100 £

| @ ; 3 ‘
o ; r 50 g i
£ . i e |
@ T s - -0
s
s S QO -
=
© +-100 |

150 - : : : 150 |
21.521 21.526 21.531 21.536 21.541 21.546
- Time (sec)

; ' —SPTu ~ - -Force | J

‘ — - -

Blow 8 pore pressure response:

150 150 |
T 100 | - — —— ——j 0
o, H
= i

9 -

3 ® Z

i m "
< 8
o
g 0 8
[}

i (=)}

'S .50
S +-100

-100 : : 1 : -150
22.62 22.625 22.63 22.635 22.64 22 645 22.65
__ __ Time (sec)
% ‘{ ——SPTu e e FOFCE
132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Blow 9 pore pressure response:
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Blow 11 pore pressure response:
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SPTu Pore Pressure Response From 7.72 m Depth
Blow 1 pore pressure response
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Blow 3 pore pressure response
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Blow 5 pore pressure response
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Blow 7 pore pressure response
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Blow 9 pore pressure response
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Blow 11 pore pressure response

800 160 |
| - ——— 1120
‘g —— 80
L0
5 B 0z
2 x
e i 25, e e > — p— Ve T —— R S 0 o
a L
| £ - L4 £
o
§’ e - - -~ -80 i
98004 - — - — —e— e— e 44120 ;
‘ -800 , ‘ r 160 |
38.52 38.54 38.56 38.58 38.6 38.62
|
\ Time (sec) ‘
? ‘ ——— SPTu e e e FOICE i
Blow 12 pore pressure response
800 : — S —— e 160
600 e 120
§ 400
(]
2 _—
' % Z
: g 0 - @ |
a g |
£ -200 - e
5
£ -400
-: i
[0 -600 - |
' -800 : : : -160 ‘
| 39615 39625 39635 39645 39655  39.665  39.675
z Time (sec)
L ‘ —SPTu - -~ Force

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

140



SPTu Pore Pressure Response From 8.56 m Depth
Blow 1 pore pressure response
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Blow 3 pore pressure response
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Blow 5 pore pressure response
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Blow 7 pore pressure response
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Blow 9 pore pressure response
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SPTu Pore Pressure Response From 9.33 m Depth
Blow 1 pore pressure response
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Blow 5 pore pressure response
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Blow 7 pore pressure response
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SPTu Pore Pressure Response From 10.80 m Depth

150 ‘
=
& |
=
2 =
> 4 :
7] 3
'8 o |
o g |
£ £
& 40 + f— ‘|6.4 cm PenetrationJ‘ T T T e |
s 60 - -100
= B - —_— _— = = = = o— — i
(&) i ] j
-80 T T T ™ -150 \
15.15 15.17 15.19 15.21 15.23 15.25 ?
- Time(sec) ]
! ——SPTu Duration of most of sampler penetration e - FOFCE ; |
—— 150 |
S 1100 }
450 o ‘
—M‘."-‘H =2 !
x|
LD UP O @ i
8 |
S i w @
1 -100 |
_80 T T T T ‘150 ‘
16.24 16.26 16.28 16.3 16.32 16.34 !
S - Time (secL o ‘
] ‘ ——SPTu ~ — -~ Force W‘
150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Blow 3 pore pressure response
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Blow 5 pore pressure response
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Blow 7 pore pressure response
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Blow 9 pore pressure response
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SPTu Pore Pressure Response From 12.41 m Depth
Blow 1 pore pressure response
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Blow 3 pore pressure response
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Blow § pore pressure response
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Change in Pressure (kPa)
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Change in Pressure (kPa)
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Blow 11 pore pressure response
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SPTu Pore Pressure Response From 13.92 m Depth
Blow 1 pore pressure response
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Blow 3 pore pressure response
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Blow 5 pore pressure response
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Blow 7 pore pressure response
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Blow 9 pore pressure response
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Blow 11 pore pressure response
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Blow 13 pore pressure response
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Blow 15 pore pressure response
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Blow 17 pore pressure response
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Blow 19 pore pressure response
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APPENDIX D: BLAST PROBE PORE PRESSURE MEASUREMENTS
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Biast Probe Pore Pressure Response from 1.52 m Depth
Blow 1 blast probe pore pressure response:
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Blow 3 biast probe pore pressure response:

Force (kN)

Change in Pressure (kPa)

\ 7 : : ‘ -150 \
17.19 17.21 17.23 17.25 17.27 17.29 |
. Time(sec) |

- Blast Probe Pore Pressure |

|

| !
‘ H
| | |
i P Force i (
J | |
‘ j

- i
Y ‘
oo
s ]
- z |
@ X |
2 S
- o
L = L
| o
b m
[

26 ; ; -150
1 © 4825 1827 18.29 18.31 18.33 18.35
! . Time(sec) L

- Blast Probe Pore Pressure |

------- Force !
Blast Probe Pore Pressure Moving Average J

173

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Blow 5 blast probe pore pressure response:
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Blow 7 blast probe pore pressure response:
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Blow 9 blast probe pore pressure response:
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Blow 11 blast probe pore pressure response:
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Blast Probe Pore Pressure Response from 7.72 m Depth

Blow 1 blast probe pore pressure response:
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Blow 3 blast probe pore pressure response:
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Blow 5 blast probe pore pressure response:
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Blow 7 blast probe pore pressure response:
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Blow 9 blast prpbe pore pressure response:
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Blow 11 blast probe pore pressure response:
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Blast Probe Pore Pressure Response from 8.56 m Depth
Blow 1 blaﬁ{robg pore pressure response:
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Blow 3 blast probe pore pressure response:
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Blow 5 blast probe pore pressure response:
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Blow 7 blast probe pore pressure response:
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Blow 9 blait probe pore pressure response:
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Blast Probe Pore Pressure Response from 9.33 m Depth
Blow 1 blast probe pore pressure response:
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Blow 3 blast probe pore pressure response:
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Blow 5 blas_tP@e pore pressure response:
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Blow 7 blast probe pore pressure response:
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Blast Probe Pore Pressure Response from 10.80 m Depth
quw 1 blaisit probe pore pressure response:
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Blow 3 blast probe pore pressure response:
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Blow 5 blast probe pore pressure response:
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Blow 7 blast probe pore pressure response:
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Blow 9 blast probe pore pressure response:
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Blow 10 blast probe pore pressure response:
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Blast Probe Pore Pressure Response from 12.41 m Depth
Blow 1 blast probe pore pressure response:
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Blow 3 blast probe pore pressure response:
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Blow 5 blast probe pore pressure response:
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Blgw 7 blast prolgg pore pressure response:

103
102
101
100 |-
99
98
97
96 :
96 -
94

“ 253 25.32 25.34 25.36 25.38 254 2542 2544

e Time (sec)
Blast Probe Pore Pressure

Force (kN)

Change in Pressure (kPa)

|

[

Blast Probe Pore Pressure Moving Average ‘

Blow 8 blast probe pore pressure response:
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quw 9 blast probe pore pressure response:
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Blow 11 blast probe pore pressure response:
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Blast Probe Pore Pressure Response from 13.92 m Depth
Blow 1 blast probg pore pressure response:
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Blow 3 blast proﬁtge pore pressure response:

|

118 100 |
& M7 |
x | 50 ‘
p 116 |
z |
§ 115 T R 0 5 i
o 114 +- e
& 193 +—— 50§ |
£ |
= 111 1 o S : o — |
& 110 , , [ -150 $
‘ 247 2472 2474 2476 2478 248 2482 2484 2486 |
__ Time(sec) - |
j - Blast Probe Pore Pressure i '
| IEERAREAEE Force } |
; j Blast Probe Pore Pressure Moving Average | j
[ Lo oesTIPEE T TR TIESS IS ATEEeE
Blow 4 blast probe pore pressure response:
— 150 |
<
x - 100
(]
5 50 Z
@ =
g 0 o
o 2
£ 50 @
> -100
S
5 109 , ‘ w A -150
258 25.82 2584 25.86 2588 259 25.92 2594
. Time(sec) |
- Blast Probe Pore Pressure i |
A Force \ !
5 Blast Probe Pore Pressure Moving Average | J
205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Blow 5 blast probe pore pressure response:
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Blow 7 blast probe pore pressure response:
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Blow 9 blast probe pore pressure response:
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Blow 11 blast probe pore pressure response:
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Blow 173) plaitrprobe pore pressure response:
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Blow 15 blast probe pore pressure response:
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Blow 17 blast probe pore pressure response:
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BBW 197blast probe pore pressure response:
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APPENDIX E: BLAST PROBE VIBRATION MEASUREMENTS
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Blast Probe Vibration Response from 1.52 m Depth
Blow 1 blast probe vibration response:
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Blow 4 blast probe vibration response:
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Blow 7 blast probe vibration response:
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Blast Probe Vibration Response from 7.72 m Depth
Blow 1 blast probe vibration response:
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Blow 7 blast probe vibration response:
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Blast Probe Vibration Response from 8.56 m Depth
Blow 1 blast probe vibration response:
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Blow 4 blast probe vibration response:
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Blow 7 blast probe vibration response:
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Blast Probe Vibration Response from 9.33 m Depth

Blow 1 blast probe vibration response:
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Blow 4 blast probe vibration response:
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quw 7 blast probe vibration response:
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o
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Blast Probe Vibration Response from 10.80 m Depth
Blow 1 blast probe vibration response:
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Blow 2 blast probe vibration response:
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Blow 4 blast probe vibration response:
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Blow 5 blast probe vibration response:
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Blow 6 blast probe vibration response:

1944 1946 1948 195 1952 1954 1956 1958 196 1962

0.6

0.4
I

0.2
0 +—- Ap&m«ﬂwﬂtx«f&u‘

-0.2
04y
06| - k-

PPV (mm/sec)

-0.8 ! \ [ ‘
20.52 20.54 20.56 20.58 206

Time (sec)

2062

20.64 20.66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

230



Blow 7 blast probe vibration response:
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Blow 8 blast probe vibration response:
04 :

o
o N

PPV (mmisec)

T

S o o
o NN

T T

2266 2268 227 2272 2274 2276 2278 22.8 22.82

Time (sec)

Blow 9 blast probe vibration response:
0.4

o
o N
|

-0.2

PPV (mm/sec)

o
n

'06 i T ! I T
2374 2376 2378 23.8 2382 23.84 2386  23.88 239

Time (sec)

231

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Blow 10 blast probe vibration response:
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Blast Probe Vibration Response from 12.41 m Depth

Blow 1 blast probe vibration response:
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Blow 2 blast probe vibration response:
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Blow 3 blast probe vibration response:
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Blow 4 blast probe vibration response:
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Blow 5 blast probe vibration response:
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Blow 6 blast probe vibration response:
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Blow 7 blast probe vibration response:
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Blow 9 blast probe vibration response:
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Blow 10 blast probe vibration response:
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Blow 11 blast probe vibration response:
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Blast Probe Vibration Response from 13.92 m Depth
Blow 1 blast probe vibration response:
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Blow 2 blast probe vibration response:
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Blow 4 blast probe vibration response:
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Blow 7 blast probe vibration response:
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Blow 10 blast probe vibration response:
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Blow 13 blast probe vibration response:
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Blow 16 blast probe vibration response:
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Blow 19 blast probe vibration response:
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