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Abstract

Two commonly used in-situ tests for assessing #resity and flow liquefaction susceptibility of sgrebils are
the Standard Penetration Test (SPT) and the Conetfadon Test (CPT). A rich case history datalegsts
that relates observed performance during liguedaatvents to SPT blow count data that was obtgomied to
the widespread implementation of CPT testing. Isswéh SPT reliability and productivity have howeve
reduced confidence in this test method. The CPTphagen to be a more reliable and cost effectia tor
various applications in geotechnical engineerind ean be utilized as a more effective tool for dissessment
of flow liquefaction susceptibility. This paper pents a review of SPT-CPT correlations that engdgedirect
use of CPT data in flow liquefaction assessmentsitéspecifiog/(N1)eo ratio of 0.45 is presented that can be
useful for the geotechnical engineering communitghe oilsands in northern Alberta.

Introduction

The assessment of liquefaction susceptibility isallg undertaken by comparing a measure of a soil’s
in-situ density state (e.g. penetration resistgis#T or CPT), or shear wave velocity)jwvith test
values that were either measured or inferred fr@ase chistories of failures. The majority of flow
liquefaction case histories have field data inftren of SPT measurements. Consequently, a rich case
history database exists that relates observed npeaftce during liquefaction events to SPT blowcount
data, which predates the widespread implementatiddPT testing. Performance case histories have
more recently been formulated in terms of the CE§.(Olson and Stark, 2003; Robertson, 2010),
however, there remains value in correlating CPT @Rd data so that CPT results can be evaluated in
terms of the full performance case history databdaeous correlations have been published between
the CPT and SPT, however, these correlations erassnp wide range of soil types and are not
universally applicable, but depend on the soil abgaristics and specifics of the SPT hammer and
testing assembly.

Density testing is routinely performed at oilsamaiings dams to confirm that the dyke construction
meets the design specifications. Density testinghatl Canada Energy (SCEs) Muskeg River Mine
(MRM) has mostly been made using CPT. At a subSdteoMRM test locations, a parallel series of
SPTs were performed to obtain soil samples, comjpareesults of the two test methods and establish
a site-specific correlation. From these test respltiblished SPT-CPT correlations were evaluated fo
the MRM tailings sand, and suitable correlationsenselected that allow equivalent SPT blowcounts
to be predicted reasonably from the CPT. This papemmarizes the correlations between the CPT and
SPT for the MRM tailings sand, and provides an dation of the accuracy of the correlations.
Correlations with average grain sizes{D and a comparison with published measurementthatr
oilsands tailings facilities (namely, the Syncrididered Lake and J-Pit sites) are also discussed.
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Background
Site and Material Description

The MRM is an oilsand mine located in northern Alagapproximately 70 km north of Ft. McMurray.
The test measurements discussed in this paper made at the MRM External Tailings Facility
(ETF). The measurements concentrated on the beathtds regions of the ETF that have been
constructed using the upstream method. The mae@bsited in these regions of the dyke typically
comprises Coarse Sand Tailings (CST) that is oedsal from a single point discharge.

The tailings deposited below the pond level forma&e Below Water (BBW) tailings, and the
remaining tailings form Beach Above Water (BAW)litags. BBW tailings are generally looser than
BAW tailings and are subsequently more susceptil#ow liquefaction. The tests reported in this
paper were pushed through the BAW tailings; howewance the construction method involves
‘stepping’ subsequent raises out on top of formeaches, the tests penetrated both BBW and BAW
tailings (see Figure 1).
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Figure 1: Schematic lllustration of an Upstream Tdlings Dyke
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Figure 2: Oilsands Tailings Gradations

The gradation of the tailings deposits from thee¢hsites considered in this study is generallylaimi
with fines contents ranging between approximatdly%d and 20 %. A typical MRM ETF tailings
gradation is shown in Figure 2 together with typtedlings gradations at the Mildered Lake and tJ-Pi
facilities.

Dso values for the three deposits considered duriisgpidper are 0.19 (standard deviation of 0.09%5 0.1
and 0.17 for MRM, Mildred Lake and J-pit respecti@gobertson, et al, 2000).

Description of Equipment

The SPTs were carried out through 98 mm diameteehmbes that were advanced using a track
mounted, mud-rotary drill rig. These test measurgsevere made in general accordance with the
ASTM D 1586-08 standard. In accordance with themaoendations of Wride, et al (2000), and to
enable the standardization of results, the SPT uneasents also included Energy Transfer Ratio
(ETR) hammer energy measurements that were magineral accordance with the ASTM D 4633-05
standard. The Force-Velocity (FV) method (Sy andm@anella, 1991) was used in the ETR
calculations. Results of the ETR calculations &@as in Figure 3.
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Figure 3: ETR Results

The CPT soundings were advanced using a 25 tork tnacunted rig with an electrical cone
penetrometer that had a cross sectional area ofrdsnd a cell capacity of 20 tons. Measurements of
dynamic pore water pressure (u), tip resistangeaftfl sleeve friction {f were made at 10 mm depth
increments. The test procedures were carried aaténordance with the ASTM D 5778-07 standard.

Published SPT-CPT Correlations

The published literature includes several corretatibetween CPT and SPT that use tigobthe soil.
Example relationships from Robertson, et al (19838jhawy and Mayne (1990) and Stark and Olson
(1995) are illustrated later in this paper togethigh the data from this study in Figure 6.

A potential difficulty with using the correlationsvolving Dso is their dependence on laboratory
derived gradation data, which may not be availablen initial screening stage. Consequently, Jefer
and Davies (1993), and Lunne, et al (1997) sugddkte following correlations that require only CPT
data:
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Jefferies and Davies (1993):

QC IC
—£ =085(1-
Neo ( 4'75> (1), where:

e = \/{3 — log[Q(1 — Bo)]}" + [1.5 + 13(log F)]?

@)

Lunne, et al (1997):

(qlcV/Pa) . (1 _I_c)
60 (3), where:

Ie = (347 — log Q)? + (log Fy + 1.22)2)"°

(4)

The Lunne, et al (1997) relationship was assessethglthe CANLEX experiment (Wride, et al,
2000), which found that the equation generally mted the SPT results well, although it occasignall
produced overestimates. Jefferies and Davies (1993pd that their procedure also produced
equivalent SPT B values that closely matched the actual SPT resuilie repeatability cited by
Jefferies and Davies for their procedure was greéh#a that produced by the SPT itself.

The Lunne, et al (1997) method has been used fapadson with the gf(N1)so ratio calculated during
this study. As part of this comparison, the,Malculated from Equation 1 was converted tQ){N
using Equation 5 in accordance with the recommeémagbf Youd and Idriss (2001).

(N1)so = Nsox Cn (5), where:
Cn = (P{0"v0)"° (6)

Ligquefaction Criteria

In this study the equivalent {Novalues calculated from CPT data were compared sigdia Fear and
Robertson (1995) contractant-dilatant boundary, leee represented by Olson and Stark (2003). An
equivalent assessment was also undertaken usiragthal SPT (Ngovalues to identify the effect that
using SPT rather than CPT would have on the cakxilpercentages of liquefiable material identified
at a sounding location.

The Olson and Stark (2003) criteria was choserthigrassessment since it is formulated in terms of
SPT (N)eo and therefore allows a direct comparison of the twethods of obtaining @ o on
liquefaction susceptibility.

The methodology for calculating the percentagekgokfiable material involved using a 1 m moving
averaging window to search for any 1 m depth inen&s that contain less than 80 % non-liquefiable
material. Any metre depth increment that failed &e% non-liquefiable criteria was designated as
susceptible to liquefaction. Once the entire CPTSBIT had been assessed, the amount of liquefiable
material was calculated as a percentage of thagaitolumn. This assessment method is illustrated
Figure 4. More details of the procedures illustldtethis figure are provided by Martens, et alQ2p
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Figure 4: Liguefaction Susceptibility Assessment Mthod (after Martens et al. 2009)

Results
gi1/(N1)so Ratio

The average CPTygmeasurements that were obtained over the 0.3 th degements that correspond
to adjacent SPTs are plotted against the SRJs{Malues in Figure 5. Based on the comparison of 23
adjacent CPT and SPT tests, Figure 5 shows that(BlQko ratio of 0.45 is appropriate for the MRM
tailings. The standard deviation around the avemgéN)eo ratio (0.45) is 0.07. When the ratio
calculated during this study is compared with #gos calculated at the Mildred Lake and J-Pitai

be seen to be very similar. The average ratios iatrétl Lake and J-Pit are 0.44 (with a standard
deviation of 0.15) and 0.51 (with a standard demmbf 0.25) respectively (Wride, et al, 2000).

The oilsands gf(Ny)so ratios are compared with variougogased relationships in Figure 6. This figure

shows that the three oilsands ratios consideredliater together around the Robertson, et al (1983
and Stark and Olson (1995) relationships. Theseltees/ould suggest that, in the absence of a site
specific correlation, suitable SPT-CPT correlatiéms oilsands tailings are those of Robertson,let a
(1983) and Stark and Olson (1995). However, thekionships require gradation data. If gradation
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data are not available then thg/(@N1)so ratio of 0.45 calculated during this study would sagtable
since it is similar to the values calculated aeothilsands tailings storage facilities.
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Figure 5: SPT-CPT Correlation
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Figure 6: Comparison of qi1/(N1)so Ratios Calculated at Oilsands Mines with StandardRatios

(N1)so and CPT Equivalent (Ny)so Comparison
The equivalent SPT ()0 calculated using the 0.4%/N1)eso ratio has been compared with the actual
SPT results. The results for a selection of theltekes are presented in Figure 7.
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The SPT values that can be calculated using thend,uet al (1997) algorithm are also plotted on
Figure 7. This figure shows, similarly to the fings of the CANLEX experiment, that the values
derived from the Lunne, et al (1997) equation aeegally close to the measured values. The resiilts
the Lunne, et al (1997) equation generally plot\@milarly to the results from thg1((N1)so ratio of
0.45.
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Figure 8: Comparison of (N)so Measurements with Equivalent (N)so Values

The accuracy of the equivalentji) values was assessed in terms of the absolute (gliftarence
between calculated and measured){fy and the relative error (ratio between the estthaand
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measured (Nso difference to the measured{pb). The results of this analysis are shown in Figlre
The mean relative error is 0.36 (standard deviabbrD.52) and the mean absolute error is 8.41
(standard deviation of 9.00). In other words, du440 adjacent SPT and CPT tests, almost 75 %eof th
tests produced absolute error of less than +8 blmmts and relative error less than +0.4.

Potential Sources of Uncertainity in the SPT-CPT Cwelation

A potential source of uncertainty in the SPT-CP1r&ation is the accuracy of the depth measurement
for both tests. The actual test elevation may dififem the presented elevation due to the inclorati
which may change with depth. An advantage of th@ @fthod over the SPT is that the CPT allows
inclination measurements which can be used to applgpth correction, whereas, the SPT inclination
cannot be measured. The accuracy of the CPT measntg s illustrated in Figure 9.
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Figure 9: Plots of CPT Measurement Error

Figure 9 shows that the vertical deviation is digantly less than the horizontal deviation. Thetical
deviation is generally less than 0.5 m and equatésss than 1.5 % of the total depth for 90 %hef t
measurements. These data suggest that at the bottar80 m deep sounding the CPT measurements
can confidently be thought of as being generallgsi¢han 0.5 m vertically apart from the SPT
measurement, and within a maximum of approximaiety horizontaly. This error is sufficiently small

to suggest that the SPT and CPT measurements \waeraljy in very close proximity. During this
study, this has been assumed to be the maximimatimvi between the SPT and the CPT
messurements, since the SPT hole was assumedpierfeetly straight. There are however no data to
confirm this assumption, and any inclination in 8T hole could result in the SPT and the CPT being
either closer together or farther apart.

The error in the CPT measurements can be seemrease with depth; however, this does not appear
to have transferred to the/@gN)so ratio since there is no strong trend in thg(l1)so ratio error with
depth.
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Another potential source of error in the SPT-CPTralation is the natural soil variation between
adjacent SPT and CPT. MRM tailings are depositechfa single point discharge at the upstream edge
of the dyke crest, which forms BAW and BBW that aleped by 2% to 10%. Therefore, the depth
error due to the beach slope may range betweem @idd 0.5 m for a horizontal offset of 5 m between
SPT and CPT locations.

Impact on Liquefaction Susceptibility Assessments

The impact of using an (o calculated from the (f(N1)eso ratio of 0.45 as opposed to using the
measured (Nso during a liquefaction susceptibility assessmentillisstrated in Figure 10. The
calculation of the percent non-liquefiable in thigure is illustrated in Figure 4 and describedriore
detail by Martens, et al (2009). Figure 10 shoved the CPT approach calculates a greater quaritity o
liquefiable material than the SPT approach. Thiissidered to be a result of the near continud®is C
measurements (10 mm) capturing thin weak layerswieee not identified by the more widely spaced
(1500 mm to 2000 mm) SPT measurements.
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Figure 10:  Effect of Non-Liquefiable Percentages &lculated using (N)so from SPT and using
(N]_)eo from CPT

Conclusions

This paper has assessed the correlation betweera®®PTPT for tailings sand from three different
oilsands tailings facilities and compared the dffet using either SPT or CPT measurements in
liquefaction susceptibility assessments. Key figdifrom this study include the following:

= A qu/(Nyeoratio of 0.45 is applicable for the MRM, which isnlar to measurements made at
other oilsands tailings storage facilities.

. There is significant scatter in the correlation the mean value is robust and there is evidence
(Jeffries and Been, 1993) that the scatter is malné to the poor repeatability of the SPT.
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=  All of the oilsands g/(N1)eo ratios assessed during this study plot similarlyht® relationships
presented by Robertson, et al (1983) and StarlCdsah (1995).

" The qi/(N1)eo ratio produces equivalent ()o values that differ from measured,ji values by
+8 blow counts for almost 75 % of the 440 adjacAT/CPT carried out at the MRM ETF.

=  When liquefaction susceptibility is assessed using(N)so derived from CPT data, a greater
guantity of liquefiable material is identified tharen it is assessed using SPT data directly. This
underestimate of liquefiable material from the S&pproach is considered to be due to the wide
spacing of SPT measurements missing weak layeratbaaptured by the close spacing of CPT
measurements.

In summary, (M)so can be well estimated at the MRM using#(N1)so ratio of 0.45. Using an (Nko
derived from CPT data to assess liquefaction sty is preferable to using SPT data directly
since the discrete nature of SPT data tends toruegeesent the quantity of liquefiable material,
which could potentially lead to unsafe conclusioegarding liquefaction potential.
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