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Abstract: The Canadian geotechnical engineering community has completed a major collaborative 5 year research

project entitled the Canadian Liquefaction Experiment (CANLEX). The main objective of the project was to study the
phenomenon of sail liquefaction, which can occur in saturated sandy soils and is characterized by a large loss of strength
or stiffness resulting in substantial deformations. The intent of this paper is to compare, interpret, and summarize the large
amount of field and laboratory data obtained for six sites in Western Canada as part of the CANLEX project. The sites
are compared in terms of both flow-liquefaction and cyclic-softening considerations. The paper presents a number of
conclusions drawn from the project as a whole, in terms of both fundamental and practical significance.

Key words sand, flow liquefaction, cyclic softening, CANLEX.

Résumé: La communauté canadienne d’ingénieurs géotechniciens a réalisé en collaboration un projet majeur de

recherche sur une période de 5 ans intifbnadian Liquefaction Experime(€ANLEX). L'objectif principal du projet a

été d'étudier le phénoméne de la liquéfaction des sols qui peut se produire dans les sols sableux saturés et qui est
caractérisée par une perte importante de la résistance ou de la rigidité résultant en de grandes déformations. Le but de cet
article est de comparer, d'interpréter et de résumer la grande quantité de données de terrain et de laboratoire obtenues pour
les six sites de I'Ouest canadien dans le cadre du projet CANLEX. Les sites sont comparés en fonction de considérations
tant sur I'écoulement par liquéfaction que sur le ramollissement cyclique. Cet article présente un certain nombre de conclu-
sions tirées du projet dans son ensemble, en fonction de leurs significations tant théoriques que pratiques.

Mots clés: sable, écoulement par liquéfaction, ramollissement cyclique, CANLEX.

[Traduit par la Rédaction]

Introduction also performed at each site, including standard penetration tests
(SPT), cone penetration tests (CPT), seismic CPT (giving shear
The Canadian Liquefaction Experiment (CANLEX) pro Wwave velocity measurements), self-boring pressetemtesting
ject has involved the investigation of six sites in Western(SBPMT), and geophysical (Jamma-gamma) logging.-Lab
Canada containing loose sand deposits. The phase | amdatory testing was carried out on both reconstituted-sam
phase Il sites were located at the Syncrude Canada Ltd. offles and the undisturbed samples obtained by ground
sands mine north of Fort McMurray, Alberta, the two phasefreezing and sampling. The testing consisted of triaxial
Il sites in the Fraser River delta just south of Vancouvercompression, triaxial extension, and simple shear tests
British Columbia, and the two phase IV sites at the High (generally under undrained conditions, although some
land Valley Copper (HVC) mine south of Kamloops, Brit drained tests were performed); both monotonic and cyclic
ish Columbia. The investigations involved ground freezingtests were performed.
and sampling as well as conventional sampling to obtain The intent of this paper is to compare, interpret, summa
soil samples from each site. Extensive in situ testing wasize, and draw conclusions from the large amount of field
and laboratory data obtained for six sites in Western Canada
as part of the CANLEX project. The sites are compared in
Received December 10, 1998. Accepted May 1, 2000. terms of both flow-liguefaction and cyclic-softening con
siderations. Details of methods and results on almost all as
pects of theaCANLEX project have been presented in numerous

P.K. Robertsont. Geotechnical Group, Department of Civil
and Environmental Engineering, University of Alberta,

Edmonton. AB T6G 2G7. Canada internal CANLEX reports. The specific methods used in
. o ' ' the data review process are outlined by Wride and Rebert
Corresponding author. son (199%). Results from each phase of the project have
2A| results from the CANLEX project are contained in been presented in data review reports (Wride &ubert

summary data reports available from BiTech Publishers Ltd., SOn 199D, 1997, 1997).2 The results are also deribed
173 — 1180 Hammersmith Way, Richmond, BC V7A 5G1, in four companion papers (Byrne et al. 2000; Robertson et
Canada. al. 2000; Wride et al. 20Q0 200M).
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Table 1. Summary of the target zone data for each CANLEX site.

Site data Average in situ stresses
Approximate Average
age at time Target depth of o, op p' q
Phase Location Site of testing zone (m)  GWT (m)* (kPa)  (kPa) (kPa) (kPa)
| Syncrude Mildred Lake 12 years 27-37 21 495 248 330 248
1 Fraser River delta Massey 200 years 8-13 1.5 115 58 77 58
Kidd 4000 years 12-17 15 154 77 103 77
11 Syncrude J-pit 2 months 3-7 0.5 53 26 35 26
\% HVC Mine LL Dam 5 years 6-10 2.1 96 48 64 48
Highmont Dam 15 years 8-12 4 132 66 88 66

Note: Average in situ stresses are based on a unit weiglyt ©f18.5 kN/n? above the groundwater table (GWF)= 19.5 kN/n? below GWT,
andK, = 0.5;p' = 1/3(0, + 2K,0,); g=0,K, 0.
*Tidal fluctuations occur at the Massey and Kidd sites.

Liquefaction definitions Fig. 1. Suggested flow chart for evaluation of soil liquefaction

. ) ) . after Robertson 1994).
It is important to first define the terms used to explain the( )

phenomena of soil liqguefaction. The definitions adopted by
the CANLEX project are illustrated in Fig. 1. The flow chart
presented in Fig. 1 specifically distinguishes between flow |

liquefaction (i.e., strain-softening behaviour during -un | |
drained loading) and cyclic softening. Cyclic softening is __ [ Strain Softening Strain Hardening
further divided into cyclic liquefaction and cyclic mobility. Behaviour Behaviour

Historically, the most common form of soil liquefaction ob-
Flow S(.‘;%'cli_c
Liquefaction ortening

| Material Characterizationl

served in the field has been cyclic liguefaction due to earth
quake loading. Thus, much of the existing research on soi}]
liquefaction has been related to cyclic softening, primarily

cyclic liquefaction. Cyclic liquefaction generally applies to Monotonic/Cyclic Size and duration
level or gently sloping ground in which shear stress reversa Trigger of cyclic loading
occurs during cyclic (e.g., earthquake) loading. | —

The three main concerns related to soil liquefaction are || Gravitational stresses > Shear stress | | No shear stress
generally as follows: Undrained shear strength reversal reversal

* Will an event (e.g., a design earthquake) trigger signifi- |_|_| |

cant zones of liquefaction?

N, . . . P ntain Uncontained i Cyclic
» If a soil is potentially strain softening (and is triggered to D%?ortriateign Deformation Liqggg'c‘iion Moybi”ty
liquefy), what will be the resulting residual (minimum)
undrained shear strength? | |
e If liguefaction is triggered, what displacements will-re Potential for Large Small
sult? Progressive Failure | | Deformations | | Deformations
The CANLEX project attempted to address these concern Y ¥ _ Y _
through collaborative research studying sands from six site | | Deformations can continue Deformations essentially
in Western Canada. Both cyclic and flow liquefaction were after the trigger event stop after cyclic loading
studied; however, emphasis was placed on flow liquefaction | Possible pore water
since less work has been carried out on this topic in the pasi redistribution

Test sites o : .
posed primarily of quartz minerals with small amounts of

Table 1 summarizes the general site data for each of thieldspar and mica. The Fraser River sand has higher con
six CANLEX sites, including the location and approximate tents of mica and feldspar. These sands are uniformly graded
age of each deposit, location of the target zone, depth to theith a mean grain sizeD,) of 0.16-0.25 mm and a fines
groundwater table, and average target zone in situ stressesa@intent, in general, less than 15%, with some less than 5%.
each site. It is interesting to note that the age of the deposits Undisturbed samples of sand were obtained from the tar
varied from as young as 2 months to as old as 4000 yearget zone at the centre of each of the six sites using ground
Note also that the vertical effective stress in the target zoneeezing and sampling techniques. In addition, typically
varied from as low as 53 kPa to as high as 495 kPa, with aalong a 5 mradius around the central ground freezing loca
overall average of 174 kPa. Based on the results of thision, in situ testing through the target zone at each site
study, the sands at the CANLEX sites are of Holocene ageonsisted of the following: CPT, SPT, shear wave velocity
(i.e., less than 10000 years old), are essentially normallyVy measurements (seismic CPT), geophysical logging, and
consolidated and appear to be uncemented, and are comressuremeter testing.
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Table 2. Index properties for the six CANLEX sites.

Site data
Dso Approximate
Phase Location Site €max  €min G (mm) Cuy (Ded/D1o) SPT FC (%)  Angularity
I Syncrude Mildred Lake 0.958 0522 266 0.16 2.22 (0.20/0.09)}10 Subrounded to
subangular
1 Fraser River delta  Massey 1.1 0.7 268 0.20 1.57 (0.22/0.14) <5 Subrounded
Kidd 11 0.7 2,72 0.20 1.78 (0.25/0.14) <5 Subrounded
I Syncrude J-pit 0.986 0.461 2.62 0.17 2.50 (0.20/0.08)~15 Subrounded to
subangular
\% HVC Mine LL Dam 1.055 0.544 266 0.20 2.78 (0.25/0.09) ~8 Angular
Highmont Dam 1.015 0.507 2.66 0.25  4.00 (0.30/0.075)10 Angular

Note: Maximum and minimum void ratiose(,,, and e, respectively) and specific gravitys() determined using American Society for Testing and
Materials (ASTM) standard®D,, size of particle (mm) such tha®s of the particles are smalle€,, coefficient of uniformity =Dg/D,,; FC, approximate
average fines content (percent passing No. 200 sieve) in the target zone, based on limited SPT samples.

Table 3. Summary SPT, CPT, and shear wave velocity results from the six CANLEX sites.

Site data Field data
Phase Location Site SPN{)s0 CPT q.; (MPa) CPTF (%) Shear wave velocity; (m/s)
| Syncrude Mildred Lake 18.2 (3.0) 7.38 (1.67) 0.727 (0.150) 156.4 (20.1)
1 Fraser River delta Massey 10.3 (3.8) 5.34 (1.00) 0.398 (0.089) 168.2 (6.4)
Kidd 13.4 (2.9) 6.83 (1.77) 0.369 (0.048) 177.4 (5.4)
11 Syncrude J-pit 3.4 (2.0) 2.04 (0.79) 0.872 (0.331) 127.1 (3.0)
\% HVC Mine LL Dam 5.4 (1.6) 3.94 (0.78) 0.409 (0.096) 153.1 (15.3)
Highmont Dam 4.9 (2.6) 4.39 (1.26) 0.384 (0.127) 141.3 (11.7)

Note: Numbers in the table are overall average values in the target zone, with standard deviations in pareNthgs&R TN value corrected for
overburden stress and corrected to an energy ratio of 60% (see Wride et &);20Q0CPT penetration resistance corrected for overburden stress (see
Wride et al. 2000); F, CPT friction ratio =f,/(q. — 0,) x 100%, wherd is the sleeve frictionyV,,, measured shear wave velocity corrected for
overburden stress (see Wride et al. 2600

An additional site that can be incorporated into this studysites, some frozen core was thawed and used to form
is Duncan Dam, which is a zoned earthfill hydroelectric damreconstituted samples, which were tested in triaxial and (or)
located on the Duncan River, about 8 km upstream fronsimple shear loading.

KOOtenay Lake in southeastern British Columbia. Prior to When loose Samp|es of sand are loaded in undrained
the start of the CANLEX project, a similar type of detailed shear, they can strain soften, eventually reaching an ultimate
field and laboratory investigation was carried out at Duncarcgndition referred to as critical or steady state. In the
Dam to characterize the sandy soil beneath the dam as patiANLEX project, this ultimate condition at large strains is

of a dam safety review by B.C. Hydro (Little et al. 1994). referred to as ultimate state, as recommended by
Poorooshasb and Consoli (1991). The ultimate state can be
used as a reference to define the state of a sand (Been and
Jefferies 1985).

Field results There is much discussion in the literature on the possible

Table 2 summarizes and compares the index propertielgniqueness of the ultimate (steady or critical) state line. The
and grain characteristic parameters for each of the sigbjective of this research is not to comment on the validity
CANLEX sites. Table 3 summarizes the overall target zonedf a given concept or theory, but to obtain data to evaluate
average (and standard deviation) values for each of the pdhe appropriateness of a published concept or approach for
rameters that were measured as part of the in situ testing #ie assessment of liquefaction potential. To evaluate the ap
the six CANLEX sites. Details on the fieldwork are con propriateness of state parameter requires the determination

Summary of test results

tained in companion papers. of an ultimate state line (USL) for a given sand.
Based on the laboratory testing, three bilinear reference
Laboratory results USLs were determined for the six CANLEX sites as-fol

Samples for laboratory testing were trimmed from thelows: Syncrude reference USL for phases | and lll, Fraser
frozen core, which was obtained from the six CANLEX sitesRiver reference USL for Massey and Kidd, and Highland
using ground freezing and sampling. Trimmed ground-Valley Copper (HVC) reference USL for LL Dam and
freezing samples from the six sites were tested in undrainedlighmont Dam. Since the state parameter approach was
triaxial compression, triaxial extension, and simple shear abased on triaxial compression test data, the reference USLs
well as cyclic triaxial and cyclic simple shear. A few sam were established based primarily on results from triaxial
ples were tested in drained triaxial loading. At most of thecompression tests on loose reconstituted samples. Figure 2

© 2000 NRC Canada
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Fig. 2. Comparison of the CANLEX reference ultimate state lines (USLs) with those for other sands, as summarized by Sasitharan et
al. (1994).
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Table 4. Reference ultimate state lines (USLs) for CANLEX sites and Duncan Dam.

Site data Reference USL

Phase  Location Site r* At

I, 1 Syncrude Mildred Lake Settling Basin, J-pit 0.918>0.829) 0.0152¢>0.829)
1.92 €<0.829)

1l Fraser River delta Massey, Kidd 1.07&>0.979) 0.0165€>0.829)
1.80 €<0.979)

\% HVC Mine LL Dam, Highmont Dam 0.98€>0.82) 0.0295 ¢>0.82)
1.645 €<0.82)

Other Duncan Dam, unit 3-c sahd Beneath dam toe, where ground freezing was done ¥30.97) 0.0371¢>0.97)
2.678 €<0.97)

*Void ratio atp' = 1 kPa.
Slope of the USL ine—p’ space, when the' axis is on a natural logarithm scale.
*Parameters for USL line determined by Konrad et al. (1997).

presents a comparison between these USLs and the USLs forp’ is the mean normal effective stress = D3(+
some other sandy soils (Sasitharan et al. 1994). Ishihara 2K,0, ), wherea,, is the vertical consolidation pressure;
(1993) has shown that the USL is curved in void ratio — log T is the void ratio afp’' = 1 kPa; and

effective stress space ¢ log p'). To simplify the applica A In is the slope of the USL ire — p’ space, when the'
tion of a USL, the authors have selected to represent the axis is on a natural logarithm scal® (4 = 2.302A ).
curved USL as being bilinear. Although simplistic, a bilinear
USL allows a clear link to previous published approachesU
based on state in the low stress range< 200 kPa). Each
portion of the bilinear USLs can be defined as follows:

The values of andA |, for the three CANLEX reference
SLs are given in Table 4. In addition, Table 4 gives values
of ' andA |, for unit 3-c sand at Duncan Dam, based on the
USL proposed by Konrad et al. (1997).
[ e=T-AyIn(p) _

Analysis of results

where . . . .
The following sections examine the results of applying

e is the void ratio; various existing methods for estimating soil state, cyclic
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Table 5. Summary of ground-freezing sample states.

Site data In situ state based on ground-freezing samples
No. of trimmed Relative density
Phase Location Site samples Void ratiod) D, (%) State parametew*
I Syncrude Mildred Lake 41 (33 TX, 8 SS) 0.768 (0.040) 43.6 (9.2) —0.064 (0.040)
1l Fraser River delta Massey 43 (25 TX, 18 SS) 0.97 (0.05) 32.5 (12.5) —0.029 (0.048)
Kidd 18 (10 TX, 8 SS) 0.981 (0.076) 29.8 (19.0) —-0.002 (0.082)
I Syncrude J-pit 47 (34 TX, 13 SS) 0.762 (0.053) 42.7 (10.1) —0.106 (0.053)
v HVC Mine LL Dam 18 (16 TX, 2 SS) 0.849 (0.041) 40.3 (8.0) —0.007 (0.041)
Highmont Dam 22 (16 TX, 6 SS) 0.825 (0.075) 37.4 (14.8) —0.023 (0.076)

Note: Numbers in the table are overall average values in the target zone, with standard deviations in parentheses. SS, simple shear specimens; TX,
biaxial specimens.

*Relative to the reference USL.

liquefaction potential, and flow liquefaction potential to the with W > 0 are loose of the reference USL, and those with

field and laboratory data from the six CANLEX sites. Y < 0 are dense of the reference USL. Since a reference
USL was selected for each pair of CANLEX sites
State (Syncrude, Fraser River, and HVC), values of state parame

A number of parameters can be used to define the state ¢r were calculated for each ground-freezing sample that was
a sandy soil, namely void rati@), relative densityD,), and  trimmed for testing (see Table 5). Table 5 shows that the
state parametery ). Table 5 summarizes these parametersoverall average in situ state parameter at the six CANLEX
for the undisturbed samples from the target zone at eachites ranges from —0.002 to —0.064, with standard deviations
CANLEX site which were obtained using ground freezing 0f 0.04-0.08. In general, the average overall state of these
and sampling and then trimmed for testing. The applicatiorfleposits was slightly dense of the reference USL, with a
of various published methods for estimating these paramesmall percentage loose of the reference USL.
ters at the six CANLEX sites is discussed later in the pape
The in situ test signaturesN{)eo, 9o, Vs1) €an also be re-
garded as direct measures of in situ state. Table 3 present
summary of the normalized in situ test parameters.

'CPT-based estimates &f: Profiles of state parameter were
£ timated by interpreting CPT results from each of the

NLEX test sites using the methods proposed by both
Been and Jefferies (1992) and Plewes et al. (1992). A com-
panion paper (Wride et al. 20Bp provides a detailed dis-
cussion of the CPT-based approaches to estindatand
identified the following:

(1) The method by Been and Jefferies (1992) gave rather

. . : : - poor predictions of¥. This may be due to some uncertainty

mum (g Void ratios given in Table 2, values of reIatlvenin determining the USL, combined with the effect of age of

density were also determined for each sample. In additio e d its. similar to that ob di timati lati
the various in situ tests were interpreted to estimate void ra € deposits, simiiar to that observed in estimating refative

: . : : : density.
tio and (or) relative density. A companion paper (Wride et . .
al. 200() compares and discusses these results in detail and (2) The method by Plewes et al. (1992) provided quite

: ; : d predictions of¢. The range irt from the frozen sam
shows that aging appears to be an important factor in th80° ) .
various correlations between in situ test results (SPT, CPTP|€S was larger than that predicted based on the CPT. Again,

or Vg and void ratio or relative density, with older sands age appears to have an influence on the interpretation, with

having a higher penetration resistance or measured she per de;t)otsits I(Kidd ancli t'\r/]lasé’g? bog.‘ t|or§<_jicti_r;g stligghtly
wave velocity for a given relative density. Table 5 shows tha ;;n;ttler ‘Za es. r; gt;r(]ener?, € US-Eret icte hm'tSI uTsha ec\é)v_?s
the in situ relative densities at the six CANLEX sites areS'9nty dense ol the relerence oL at each site. 1he
highly variable, with overall average values ranging from 30aIso confirmed the large variability in in situ state at each

to 44% and standard deviations of 8-19%. These si ite. .
CANLEX sites were selected in an effort to study sites that Some of the differences between the SPT- and CPT-based

contained relatively uniform loose sand deposits. A majoPredictions of relative density and state parameter and the
observation from the project has been the extremely larg alues of relative density and state parameter associated with

variability in in situ relative density of these “uniform” sand € frozen samples may be due, in part, to the effect of phys

deposits. This is consistent with past experience where sandd! scale on the measurement. The SPT and CPT are influ
enced by a volume of soil which is significantly larger than

have generally been described as heterogeneous in naturethat of the individual frozen samples and, therefore, may
produce more subdued variations in void ratio compared to
the samples. Image analysis (Hanzawa 1980) has shown that
void ratio measurements can vary significantly, depending

on the size of the sample.

Void ratio and relative density

Void ratios were calculated (using volume calculations)
for each ground-freezing sample that was trimmed for test
ing (see Table 5). Based on the minimum,() and maxi-

State parameter¥)

Void ratio and initial mean normal effective stregs, can
be combined in terms of state parameté))(as proposed by
Been and Jefferies (1985), relative to a reference UBlis
the difference between the initial void ratio of the samplepressuremeter-based estimatesybfYu et al. (1996) pre
and the void ratio on the USL at the same valug©fSoils  posed that the self-boring pressuremeter (SBPMT) can be

© 2000 NRC Canada
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Table 6. Summary of cyclic liquefaction for each CANLEX site based on laboratory testing.

All tested samples (for phase | and LL  For phase | and LL Dam

Site data Dam; includes some samples wih< 100%) (samples withS = 100% only)
CRR,, M7.5
No. and types of Equivalent CREy No. and types (o, = 1
Phase Location Site tests* M7.5f of tests* atmy
I Syncrude Mildred Lake Settling Basin 4 CTX 0.226 (0.078) 20of 4 CTX  0.2%
Il Fraser River delta Massey 13 CSS 0.101 (0.018)
Kidd 6 CSS 0.098 (0.017)
11 Syncrude J-pit 5 CSS 0.082 (0.006)
\Y; HVC Mine LL Dam 4 CTX 0.144 (0.043 20f4CTX 0.113
Highmont Dam 4 CTX 0.107 (0.01%)
Other Duncan Dam unit Beneath dam toe, where 3 CSS, with no 0.12 (based on CRR
3-c sand ground freezing was done initial static =0.14 forN = 10
bias ando,, = cycles in laboratory,
200 kPa converted toN = 15
cycles)

Note: Magnitude M) = 7.5 is equivalent to 15 cycles of uniform loading.

* CTX, cyclic biaxial; CSS, cyclic simple shear.

"Numbers are average values in the target zone, with standard deviations in parentheses.

¥ For samples witt§ = 100%, values are averages only (only two such samples for each site).

$Phase | and phase IV: CRRvalues have been calculated from GR&singC, = 0.70 and 0.55, respectively.

I'Correction for high overburden stres§, = 0.76 (based on laboratory initial isotropic effective stresses for each test of approximately 330 kPa).

used to estimate state parameter. The method proposed byResistance to cyclic loading is usually represented in terms
Yu et al. involves combining pressuremeter data and CPDf a cyclic stress ratio or cyclic resistance ratio (CRR). For
data to estimate state parameter. cyclic simple shear (CSS) tests, CRI taken as the ratio
Wride et al. (2000) provided a detailed discussion of the of the cyclic shear stress to cause cyclic liquefaction to the
evaluation of¥ from the pressuremeter and showed that thenitial vertical effective stress, i.e., CRR=1.,/0 ;. For cy-
Yu et al. (1996) relationship underpredicts #eof the sand  clic triaxial tests (CTX), CRR is taken as the ratio of the
(i.e., predicts a denser state) compared with frozen samplesmaximum cyclic shear stress to cause cyclic liquefaction to
the initial effective confining stress, i.e., CRR 0 /(20 3.).
These two tests impose different loading conditions, and the

Much of the early work related to earthquake-induced SoilCRR values are not equivalent. Cyclic simple shear tests are

liquefaction resulted from laboratory testing of reconstituted?€"erally considered to be more representative of earthquake
loading for level ground conditions. At the phase | and phase

samples subjected to cyclic loading by means of cyclic . .
triaxial, cyclic simple shear, or cyclic torsional tests. The Y Sites, the equivalent CRRvalues have been calculated

outcome of these studies generally confirmed that the-resiésr Oéncti(\:/isxTuhseingFé:gr\r/s;;i?gk?:gr%:c che% g?ﬂn?fc??m Ff)a d
tance to cyclic loading is influenced primarily by the state of: P y. ; y :
ng to represent an equivalent earthquake loading of

the soil (i.e., void ratio, effective confining stresses, and soif : - .
structure) and the intensity and duration of the cyclic toad magnitude K) 7.5. Cyclic liquefaction was taken as the

ing (i.e., cyclic shear stress and number of cycles), as well agomt at which samples experienced large uncontrolied de

the grain characteristics of the soil. Soil structure incerpo Prem;tr"e)gss’ which was close to the condition of zero effec
rates features such as fabric, age, and cementation. Graﬁw :

characteristics incorporate features such as grain-size-distri Ot all sites had sand that was saturated in situ below the
bution, grain shape, and mineralogy. groundwater table. The sands from phase | (Mildred Lake)

In situ testing can be used as a simple, economic metho nd phase IV (LL Dam) were not saturated. This was likely

of estimating the cyclic resistance of a soil. Various method ue to gas generation from resydual b't“me” at the Mildred
have been developed for estimating cyclic resistance fro ake site and the recent depositional environment at the LL

the SPT (Seed et al. 1985), CPT (Olsen and Koester 199522M site. The lack of 100% saturation in samples compli
Robertson and Campanella 1985; Suzuki et al. £995 Cated the thaw—consolidation process and the interpretation
199%: Stark and Olson 1995: Robe’rtson and Wride 1998 of the test results. Hence, only results on saturated samples
1998), and V, measurements (Robertson et al. 1992:Were applied, as shown in Table 6.

Andrus and Stokoe 1998). The following sections compare

the in situ data from the SPTs and seismic CPTs at eachtandard penetration test (SPT)

CANLEX site with the cyclic resistance ratio (CRR) -ob  Seed (1979) developed a method to estimate the CRR for
served in the laboratory for undisturbed samples from each sand under level ground conditions, based on the SPT,
site. Table 6 summarizes the results of laboratory testing owhich was later modified by Seed et al. (1985). This method
ground-freezing samples from each of the six CANLEXwas based on extensive field performance data for Holocene
sites. sands from essentially level ground sites which either had or

Cyclic liquefaction
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Fig. 3. Laboratory CRR versusa] measured SPTNy)go and p) equivalent clean sand SPNy)gqs USing the method suggested by
Seed et al. (1985) to estimate the required correction for fines content. Values are averages + one standard deviation, and only the
results of samples witls = 100% are shown. HM, Highmont.
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had not experienced cyclic softening (liquefaction) due tograin shape, etc.), and fines content (FC). Seed et al. sug-
earthquake loading. The data were primarily for magnitudegested an FC-dependent correction facti(N;)go which
7.5 earthquakes, depth ranges of 1-14 m (90% of data wauld be added to the measurédd ), to obtain a clean sand
for depths <10 m), and representative average SR@lues  equivalent penetration resistanchl;)socs These corrections
for the layer that was considered to have experienced cyclizrere used to calculat®N()gq.svalues for the CANLEX sites.
liquefaction. Liquefaction was assumed to have occurred Figure 3 compares the CANLEX and Duncan Dam data
based on the presence of observable surface features suchvith the relationship between CRR and;)g.s proposed by
sand boils and ground cracks. Other SPT-based methodie 1996 NCEER workshop. In Figa3the SPT data have
have been developed (Tatsuoka et al. 1980; Shibata 198been plotted in terms of the measuréd)go, with no corree
Tokimatsu and Yoshimi 1983; Kokusho et al. 1983; Ishiharation for fines content. In Fig. I8 the SPT data have been
1993; Fear and McRoberts 1995), but the correlation byorrected to clean sand equivalent values M)y USing
Seed et al. appears to maintain the most popularity,-espehe corrections recommended by Seed et al. (1985), based on
cially in North America. Based on discussions at the 199&he overall approximate fines content for each site (as given
National Center for Earthquake Engineering Researclyy Robertson et al. 2000). Since Duncan Dam is essentially
(NCEER) workshop (Youd and Idriss 1997), the Seed et ala clean sand, no correction was applied to the Duncan Dam
SPT curve was slightly modified to avoid extrapolation to datapoint. The data are shown in terms of average values
zero CRR at zero penetration resistance. plus and minus one standard deviation. Only the results from
Seed et al. (1985) showed that for a given CRR, a sandamples with a degree of saturati§n= 100% are shown;
with fines has a lower SPTNp)q, value and, based on this some phase | and LL Dam samples h§d< 100% and
observation, developed the correlation further to include thelightly higher values of CRR measured in the laboratory.
influence of fines content. The correlation showed that, for In general, the data corrected for fines content fit the Seed
the same CRR, the penetration resistance in silty sands was al. (1985) curve better than the measured values with no
smaller. This is most likely due to the greater compressibil correction. There appears to be no clear trend due to factors
ity and decreased permeability of silty sands which reduceuch as age, although Kidd is the oldest deposit and plots
penetration resistance and move the penetration process wwith a higher {;)s. Seed and Harder (1990) suggested a
ward an undrained penetration. Although the original corre correction factorK,, to account for a reduced CRR under
lations were based on fines content, it is clear that the CRRigh effective overburden stress. Since the average effective
of a soil is a function of many factors, including type of overburden stresso(,) for each site except Mildred Lake is
fines, e.g., plasticity, other grain characteristics (mineralogyclose to 100 kPa (see Table 1), no correction has been made.
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For Mildred Lake, the average vertical effective stres$, posed by Robertson and Wride (1298In Fig. 4a, the CPT
in the target zone was about 500 kPa. Assumi, af 0.5, data have been plotted in terms of the measwgg, with
the average mean normal effective strgss,in the phase | no correction for grain characteristics. In Figh,4he CPT
target zone was about 330 kPa. The cyclic triaxial tests owlata have been corrected to clean sand equivalent values of
phase | samples were conducted under initial isotropic effec(q.1n)es USiNg the method recommended by Robertson and
tive stresses of about 330 kPa so that the samples wel&'ride.
loaded under approximately the sameas existed in situ. In general, the data corrected for grain characteristics fit
When the measured average CRR for the Mildred Lake-santhe Robertson and Wride (1988199%) curve slightly
ples is corrected for the high laboratory effective stress usbetter than the measured values with no correction. There
ing K, = 0.76 (the value recommended by NCEER for anappears to be no trend due to factors such as age. When the
effective confining pressure of 330 kPa), the agreement wittmeasured CRR for Mildred Lake is corrected for the high
the NCEER SPT-based curve is very good. This adds supverburden stress using, = 0.76 (based on a laboratory-
port to theK, correction for high overburden stress. applied isotropic effective stress of 330 kPa), the agreement

Since the SPT at the Mildred Lake site was carried out atvith the NCEER curve is not quite as good, although the
depths from 27 to 37 m, there is greater uncertainty over th€RR-g,, relationship varies rapidly whegq,,y > 100.
measured blow counts due to long rod length.

) Cyclic resistance from shear wave velocity

Cone penetration test (CPT) Several methods for evaluating cyclic liquefaction peten

Several correlations have been proposed to estimate CRR| ased on shear wave velocity measurements have also
for clean sands and silty sands using corrected CPT penetrgeqn developed (Stokoe et al. 1988; Tokimatsu et al. 1991;
tion resistance (e.g., Robertson and Campanella 1985; Seegl o tson et al. 1992: Kayen et al. 1992: Andrus 1994:

and de Alba 1986; Olsen 1988; Olsen and Malone 1988; ;4o 1994). Recently, as part of the 1996 NCEER work
Shibata and Teparaska 1988; Mitchell and Tseng 1990545 on liquefaction, the relationship proposed by Andrus
Olsen and Koester 1995; Suzuki et al. 189%99%; Stark ;4 stokoe (1998) was recommended

and Olson 1995; Robertson and Fear 1995; Robertson an(PFigure 5 compares the CANLEXS(= 1'00%) and Duncan
Wride 199&, 199&). In recent years there has been an iN-5am data with the relationship between CRR &hgas pro-

crease in available field-performance data for the CPT (Ishi-
; . ) osed by Andrus and Stokoe (1998). The CANLEX data are
hara 1993, Kayen et al. 1992; Stark and Olson 1995, SUZUl@hown in terms of average values plus and minus one stan-

et al. 199%). These data hgve §hown that the existing CPTy ard deviation. In general, the data fit the Andrus and Stokoe
based correlations for estimating CRR are generally goo

: 998) curve fairly well. The two older sites (Duncan Dam
for clean sands and that the correlation between CRR an hd Kidd), for which age i£4000 years, appear to fit below

. ; the relationship, whereas the younger sites fit above the rela-
pr_owd(_as a reasonable estimate of CRR. The. ﬁeI_d data arf?onship. Hence, the shear wave velocity relationship for
primarily for Holocene-age, clean sand deposits, in level o

I . . K
. 4 CRR may be slightly influenced by the age of the deposit.
g;erétl); slopmg]]c grgun?r,l W'<ﬂ110a depthdrange of 1,[_%.5 m (84%\Nhen the Mildred Lake CRR is corrected for the high over-
of dala was for deptns m) and representative averagg o stress, the agreement with the NCEER curve is not as
CPT g values for the layer that was considered to have ex, ., Lence 'it appears that the overburden correctigh (
perienced cyclic liquefaction. Based on discussions at th ay not appI;/ equally to the, and CPT—CRR curves as for

S

1996 NCEER workshop (Youd and Idriss 1997)' the_ CUNV& e SPT curves. Also the shear wave velocity measurements
by Robertson and Campanella h.as been adjusted slightly Were less accurate at the Mildred Lake site due to large
the lower end to be more consistent with the SPT curvedepth (>30 m)

Robertson and Wride (1988199&) define the normalized

cone resistancegy{;,), as follows: ) i
Flow liquefaction

00p P Depending on the nature of the project, different levels of
[2] (i) = @D Eg—aﬁ information may be required for a flow liquefaction analysis.
0P Do, For some projects, the information required may be the ex
pected large strain (residual) undrained shear strength for
where application into a limit equilibrium stability analysis. For
other projects, the complete stress—strain curves of the soil
may be required for application into a more comprehensive
deformation numerical analysis (Byrne et al. 2000).
There is extensive evidence to show that the undrained re
Although the CPT does not provide samples for direct de sponse of a sand is a function of the in situ state, anisotropic
termination of fines content, it is possible to estimate grainstress state, and direction of loading. The early work of Been
characteristics from CPT data and incorporate this directhand Jefferies (1985) and Been et al. (1986, 1987) showed the
into the evaluation of liquefaction potential. Varioesearchers importance of defining in situ state in terms of a combina
(see earlier in the paper) have developed methods for estiion of void ratio and in situ effective confining stress.
mating these grain characteristics. Hanzawa (1980), Georgiannou et al. (1990), Vaid and
Figure 4 compares the CANLEXS(= 100%) and Duncan Sivathayalan (1996), and Yoshimine (1996) have shown the
Dam data with the relationship between CRR and the cleaimportance of direction of loading on the undrained response
sand equivalent normalized cone resistargg\f.s as pre  of sand. In particular, Hanzawa and Vaid and Sivathayalan

. is the measured cone resistance;
o, is the vertical effective stress; and
P, is the atmospheric pressure (100 kPa).
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Fig. 4. Laboratory CRR versusa] measured CPTy and @) equivalent clean sand CPT(\)cs USINg the method suggested by
Robertson and Wride (1988199&) to calculate the clean sand equivalent values. Values are averages * one standard deviation, and
only the results of samples wit§ = 100% are shown.
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have shown that the minimum undrained shear strengtits ultimate state. Line C illustrates a fourth type of response
(Snin) is significantly smaller in triaxial extension (TE) than that may be observed; the sample continually strain hardens
in triaxial compression (TC). Simple shear (SS) loading waghroughout the test and never strain softens, even tempo
generally intermediate between compression and extensiaarily. However, once the initial peak strength is reached, the
loading. This is consistent with the response observed fostress—strain curve experiences a plateau during which-a cer

clays (Bjerrum 1972; Jamiolkowski et al. 1985). tain amount of strain occurs without any increase or 10ss in
strength; the sample then continues to strain harden to-its ul
Range of response to undrained loading timate state.

When sandy soils are subjected to monotonic undrained The key distinguishing features between lines A, B, C,
loading, a range of responses is possible. This range in poand D are the undrained shear strength reached at intermedi
sible responses is illustrated in Fig. 6. Four idealized stressate and large strain and the brittleness of the response. Both
strain curves are shown, identified as A, B, C, and D. Eachlines C and D are nonbrittle, in that no loss of strength is
line represents a sample subjected to an anisotropic initiadver observed, even temporarily. Line A is brittle, in that a
stress state (i.e., initial shear sses 0 orK, < 1). Lines A large amount of strength is lost after the peak strength is
and B follow the type A and type B classification of the-un reached and is never recovered; the resulting ultimate un
drained response of sandy soils, as proposed by Hanzavemained shear strength is often very small. Samples that ex
(1980). Line A represents the weakest type of response ihibit a response similar to that of line B may have a range of
which, when loaded undrained, the sample reaches a pedkittleness, depending if the response is closer to the type A
strength and then completely strain softens to a minimunmresponse or the type C response. In all cases, the loss in
strength at ultimate state. Line D represents the strongestrength may be temporary and a certain amount of strength
type of response in which, when loaded undrained, the- santan be ultimately regained. However, the more brittle the
ple continues to strain harden throughout the test, eventualliype B response is, the more important a role the QSS or
reaching a much larger strength at ultimate state. minimum undrained shear strength may play.

Lines B and C represent the two types of intermediate re In all cases, one would expect the stress—strain curve to
sponses. Line B illustrates the type of response associatexentually level off as ultimate state is approached.
with limited strain softening; the sample reaches a pealdowever, in general, the level of strain required to reach
strength and then strain softens to a quasi steady state (QSdjimate state often exceeds the capabilities of the laboratory
or minimum strength &) during which a certain amount equipment. Thus, lines B, C, and D in Fig. 6 are shown to be
of strain occurs. However, the sample then strain hardens tdimbing towards their ultimate state. The “end-of-test” point
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Fig. 5. Laboratory CRR versus measured shear wave velodity,Values are averages + one standard deviation, and only the results
of samples withS = 100% are shown.
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for each CANLEX test was used in the subsequent analysisites. A total of 106 ground-freezing samples were tested in
depending on the particular test, this was generally not-coinmonotonic undrained shear, 51 in triaxial compression, 23 in
cident with the ultimate state. The end-of-test condition-gensimple shear, and 32 in triaxial extension. As noted in Ta
erally occurred at a strain level between 15 and 20%. ble 7, most of these samples (66%) strain hardened when

Whether a sample will respond similarly to line A, B, C, subjected to undrained loading (type D response). Only
or D depends on several factors, including the initial state oBome samples (23%) demonstrated limited strain softening,
the sample (in terms of both void ratio and initial stressesfirst strain softening to a minimum strength at QSS before
and the direction of loading imposed on the sample (e.g.strain hardening towards their ultimate states (type B re
triaxial compression, triaxial extension, or simple shear)sponse). Overall, approximately 8% of the triaxial compres
Whether a sample is loaded in a stress-controlled or a strairsion samples, 30% of the simple shear samples, and 41% of
controlled manner may also affect the undrained responséhe triaxial extension samples exhibited a type B response.
especially for type B response where the sample may ndtlone of the samples strain softened directly to ultimate state
strain harden in stress-controlled loading (Hanzawa 1980)type A response), although two of the type B responses
All of the CANLEX samples were subjected to strain- were very brittle and thus close to a type A response. A few
controlled tests. The stress—strain curves generated by tlsamples (11%) exhibited a plateau in their strain-hardening
CANLEX project during laboratory testing will be classified behaviour (type C response).

in terms of the four lines presented in Fig. 6. The average QSS parameters (minimum undrained
strength, strength ratio, brittleness, and sensitivity) for the
CANLEX laboratory data samples from each site which experienced type B responses

Table 7 summarizes the results of laboratory testing orare summarized in Table 8. The average plateau parameters
ground-freezing samples from each of the six CANLEX (undrained strength and strength ratio at the plateau) for the
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Fig. 6. Range of possible responses (A-D) to undrained monotonic shear loading of sandy soils in the laboratory.
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few samples from each site which experienced type C remean effective stress less than 500 kPa and were tested un-
sponses are summarized in Table 9. In both tabfgsfor  der isotropic initial stress states for both TC and TE.
simple shear tests was estimated frarf) using K, = 0.5; Figure & shows a reasonably consistent set of responses,
for triaxial tests, p; is the value measured in the test. regardless of the mode of deposition, with the undrained
Table 10 summarizes the average end-of-test responsestrength ratio being significantly larger in triaxial compres-
based on all of the samples from each site which were testesion than in triaxial extension. This result is consistent with
(types B, C, and D). In Table 10y’ for simple shear tests previous observations for clay soils (Bjerrum 1972) and re-
was estimated froro,;{ usingK, = 0.5; for triaxial tests,p cent observations for reconstituted sands (Hanzawa 1980;
is the value measured in the test. It is important to note thaGeorgiannou et al. 1990; Yoshimine 1996; Vaid and
all of the triaxial extension tests were still strain hardeningSivathayalan 1996). Generally, larger inclinations of the
at the end of the test and several failed in necking; thus thenaximum principal stress from the vertical to the bedding
end-of-test point is likely significantly below the possible ul plane and larger intermediate principal stresses make the be

timate state. haviour weaker. Figurea/clearly shows the importance of
the mode of shear during undrained shearing of sands.
Monotonic response in terms of state Figure  shows a summary of the test results onrg7

The primary parameters for defining the state of sand areonstitutedsamples of the three CANLEX sands in terms of
relative density D,) and state parametelj. The calcula  the minimum undrained strength rati§,{,/p') versus rela
tion of relative density requires values &f,, ande.,;,. Rep  tive density for samples that showed a strain-softening
resentative values of these index parameters are given iftypes A or B) response. The trend lines from Fig, as
Table 2. For some of the CANLEX sands, small variations inproposed by Yoshimine et al. (1999), are shown for compari
grain characteristics made the determination of these represon. The CANLEX data are quite limited and are dominated
sentative index parameters somewhat uncertain and henbg tests on Syncrude sand (84%). The samples were pre
the determination of relative density somewhat uncertainpared using a variety of methods of preparation (moist tamp
The Syncrude sand (phases | and IIl) was particularly-diffi ing 50%, air pluviation 23%, and water pluviation 27%). In
cult to test, with a wide range in index parameters, as-illusaddition, approximately half of the samples were isotropically
trated by the difference between phase | and phase litonsolidatedi, = 1.0), and the remainder weamisotropically
values. consolidated to &, of about 0.5. The majority of the sam

Figure 7a presents a plot of minimum undrained strengthples had an initial mean normal effective stregs, less
ratio (S,i/p') versus relative density based on data fromthan 500 kPa; however, eight samples had valuesppf
Yoshimine (1996) and Verdugo (1992) on Toyoura sand anglightly greater than 500 kPa. The strength ratio was selected
Yoshimine et al. (1999) on Kawagishi-cho sand. Toyouraas the representative response, since most of the samples
and Kawagishi-cho sands are both clean, uniformly gradedshowed a quasi-steady-state (type B) response; some sam
guartz sands with rounded grains. The results are limited tples showed a type A response.
samples that experienced strain softening in undrained shearThe reconstituted test results on the CANLEX sands
(type A and type B responses). These samples had an initishown in Fig. B show somewhat similar trends to those of
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Table 7. Types of responses to monotonic undrained loading in the laboratory.

Triaxial extension

Total

Simple shear

Total

Triaxial compression

Site data
Phase

A

D

A

D

A

Total

Site
Mildred Lake Settling Basin

Location

13
11

14
14

Syncrude

Massey
Kidd

Fraser River delta

10

J-pit

Syncrude

LL Dam

HVC Mine

\

Highmont Dam

12

13

32

13

23

45

51

Total

22 38

41

100

57

13

30

100

88

100
Note: Response types A, B, C, and D are illustrated in Fig. 6. A, completely strain softening; B, quasi steady state; C, plateau and strain hardeningte, steamplhardening.

Percentage
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Toyoura and Kawagishi-cho sands in Fig, although there

is considerably more scatter in the CANLEX results. The in
creased scatter may be due, in part, to the variations in grain
characteristics within each deposit, resulting in some uncer
tainty in calculated relative density. Also, the larger varia
tion may be due, in part, to the different modes of deposition
and initial K, conditions. Much of the reconstituted testing
(84%) was carried out on Syncrude sand (phases | and III),
which was sensitive to the mode of deposition, and 50% of
the testing was carried out under anisotropic initial stress
states K, = 0.5).

Figure 8 shows the same data in terms of brittleness index
and minimum undrained strength rati§,{/g). Brittleness
index (Bishop 1967) is an index of the collapsibility of a
strain-softening soil when sheared undrained and is defined
as follows:

SR

where S, is the peak shear resistance prior to strain seften
ing, and S, is the minimum undrained shear strength. A
value of Iz = 1 indicates zero minimum undrained shear
strength. If there is no strain softening (types C or D re
sponses), thely = 0.

Figure 8 shows a link between the response characteristics
of brittleness and minimum undrained strength ratio with
only a small influence of direction of loading. As expected,
when the minimum undrained strength ratio decreases, the
brittleness increases. The sands are essentially nonbrittle
(g = 0) when the minimum undrained strength ratio
(Snin/P") is greater than about 0.2 for TE, 0.25 for SS, and
0.40 for TC. These values are similar to those observed for
fine-grained (clay) soils of low plasticity (Jamiolkowski et
al. 1985).

The reconstituted CANLEX sands appear to be somewhat
less brittle than Toyoura sand in TE and slightly more brittle
than Toyoura sand in TC. This may be due to the fact that
the Toyoura sand results were for isotropically consolidated
samples, whereas approximately half of the CANLEX
reconstituted samples were anisotropically consolidated
(Ko = 0.5).

Figure 9 shows the same data in terms of minimum
strength ratio versus state parameter. Similar trends are ob
served, although the agreement between the CANLEX re
sults and the trends for Toyoura sand are generally better
than those based on relative density.

Figure 1@ shows the minimum undrained shear strength
ratio for the undisturbedsamples from the CANLEX sites
for which strain softening was observed (type B response)
plotted against relative density for each sample. The trend
lines from the reconstituted Toyoura sand samples are also
shown as a reference for comparison. In general, there is
reasonable agreement between the results of the tests-on un
disturbed samples and the trends from reconstituted samples.
The exceptions are the results for the samples from the
phase | site (Mildred Lake) for which the stress level is
around 500 kPa and the phase IV sites (LL Dam and
Highmont Dam) which had more angular grains. High stress
levels appear to reduce the undrained strength ratio at-a con
stant relative density (Yoshimine et al. 1999), similar to the
effect observed for cyclic resistance ratio (CRR). The more
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Table 8. Summary of type B responses for each CANLEX site based on laboratory testing.

o
g
Site data Shin OF Trin (kPa) Shin/Bi’ OF Thin/Pi' (assumeKy = 0.5) Brittleness indexlg Sensitivity, § =
Phase Location Site TC SS TE TC SS TE TC SS TE TC TE S
I Syncrude  Mildred Lake — 70.4 27.2 — 0.204 0.072 — 0.133 0.228 — 1.19 (1.02 1.33 %
Settling (50-83.3) (15.9 (0.144 (0.101 (0.023 (0.099 (1.10 -
Basin -38.5) -0.24) -0.043) -0.333) -0.356) -1.55)
Il Fraser Massey 50.9 115 6.3 0.55 0.16 0.09 0.107 0.375 0.287 1.12 1.61 (1.51 154
River (32-69.8) (9-14) (3.7-8.8)  (0.37-0.73) (0.14-0.18) (0.05 (0.082— (0.34-0.41) (0.074 (1.09 (1.08
delta -0.13) 0.132) -0.50) -1.15) —2.00)
Kidd — — 8.5 — — 0.09 — — 0.250 — 1.35
(6.2-12.1) (0.06 (0.11 (112
—-0.13) —0.34) -1.52)
I Syncrude  J-pit 34.8 11.0 (2 3.3 0.37 0.165 0.033 0.137 0.154 0.618 1.17 4.79
(8.2-61.4) at 11) (0.2-7.9)  (0.29-0.45) (2 at 0.165) (0.01 (0.054 (2 at 0.154) (0.402 (1.06 (2 at 1.18) (1.67
—0.06) —-0.219) —0.905) -1.28) -10.5)
v HVC LL Dam — — 221 — — 0.27 — — 0.031 — 1.03
Mine (1 sample) (1 sample) (1 sample) (1 sample)
Highmont — — 15.2 — — 0.17 — — 0.200 — 1.25
Dam (1 sample) (1 sample) (1 sample) (1 sample)

Note: Minimum states represent the minimum undrained shear streBgfh & QSS for type B response curves. Numbers in the table are average values, with the range in response from minimum

to maximum measured values in parentheses. (S, — S,n)/S,, where§; is the undrained shear strength at initial pe@ks S,/Sy.

Table 9. Summary of type C responses for each CANLEX site based on laboratory testing.

Site data Splateau OF Tpiateau (kPa)

Splatealépi' or 1—platealépi' (assumeKO = 0-5)

Phase Location Site TC SS TE TC SS

TE

| Syncrude Mildred Lake 166.0 (1 sample) — 43.0 (1 sample) 0.44(1 sample) —
Settling Basin
Il Fraser River delta Massey 52.0 (1 sample) 19.4 (18.6-20.0) — 0.67 (1 sample)
Kidd — — 14.2 (1 sample) — —
1 Syncrude J-pit — — 4.1 (1 sample) — —
v HVC Mine LL Dam — — — — —

Highmont Dam — — 16.0 (10-28.6) — —

0.13 (1 sample)

0.27 (0.26-0.29) —
0.14 (1 sample)
0.15 (1 sample)

0.18 (0.12-0.26)

Note: Plateau states represent the plateau undrained shear strgpgh) for type C response curves. All type C response curves have0 and§ = 1.0. Numbers in the table are average values,

with the range in response from minimum to maximum measured values in parentheses.
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Table 10. Summary of end-of-test states for all undisturbed samples (types B, C, and D combined).

Site data sor 1; (kPa) S/p/ or 14/p{ (assumeK, = 0.5)

Phase Location Site TC SS TE TC SS TE

| Syncrude Mildred Lake 686.0 (197.4) 190 (67.7) 127.4 (9.6) 2.12 (0.76) 0.55 (0.20) 0.37 (0.06)

Settling Basin

1l Fraser River delta Massey 237.8 (128.2) 27.5 (11.7) 47.6 (21.3) 3.34(2.09) 0.39 (0.18) 0.61 (0.24)
Kidd 318.3(87.1) 154.0 (15.2) 65.0 (20.4) 3.52 (1.33) 1.94 (0.19) 0.71 (0.32)

11 Syncrude J-pit 175.9 (62.2) — 51.0 (56.7) 4.00 (2.29) — 0.76 (0.58)

v HVC Mine LL Dam 151.7 (13.0) — 51.8 (28.6) 2.13 (0.38) — 0.84 (0.46)
Highmont Dam 206.3 (71.5) — 37.0 (14.9) 2.21(0.41) — 0.42 (0.17)

Note: Numbers in the table are average values in the target zone, with standard deviations in parenthesks.ate end-of-test undrained shear
strength values.

angular phase IV sand appears to have a higher minimuronotonic response in terms of in situ tests

undrained shear strength for a given relative density, which Several published correlations, based on case histories,
may explain why no samples from these sites were straixist for estimating the undrained (residual) streng®) (
softening in TC or SS. from the SPT (Seed and Harder 1990; Stark and Mesri

Figure 10 shows the measured brittleness index valuesl992). Figure 12 shows the average and standard deviation
versus minimum undrained strength rat&,(/p’ ), and sim  of corrected SPT blow count\)g, from the six CANLEX
ilar trends are seen with the reconstituted samples; again thites, along with the range of measured minimum undrained
TE samples are less brittle than the isotropically corsolishear strength from undisturbed samplgg;{, which dem
dated Toyoura sand samples. High stress level and grain aonstrated a strain-softening (type B) response. Also included
gularity appear to have little effect on the link between thein the plot are the simple shear results from the Duncan Dam
response characteristics. study (Little et al. 1994) and the range & recommended

Figure 11 shows the results of the samadisturbed by Seed and Harder (1990) for clean sands. Figurk 12
CANLEX samples plotted against state parameter. The trendhows the average and standard deviation values of equiva-
lines from the reconstituted Toyoura sand samples are aldent clean sand corrected SPT blow couht;)§y.s from the
shown. In general, there is good agreement between the testisk CANLEX sites. The correction to clean sand equivalent
results for undisturbed samples and the trends from reconstiwvas made using the method suggested by Seed et al. (1985)
tuted CANLEX and Toyoura sand samples, except for thefor cyclic liquefaction, based on fines content. Since not all
more angular phase IV sand, which appears to be strongesamples that were tested showed a strain-softening (type B)
The phase | results show better agreement in terms of statesponse, it is reasonable to take the average minus one stan-
parameter than relative density, which could be expectedjard deviation value of SPT blow count as a more represen-
since state parameter includes both void ratio and stredstive measure of the associated in situ state. However, it
level. may be more representative to take the average value of the

It is important to note that only 23% of all undisturbed SPT for the phase | and LL Dam (phase IV) sites, since
samples that were tested exhibited a strain-softening (typthose samples showed some densification during thaw and
B) response. Hence, 77% of the undisturbed samples thapnsolidation due to a lack of full saturation. Also, since
were tested exhibited a stronger response that those showiN)gocsCOrrelates with relative density, it is reasonable to as
in Table 8 and Figs. 10 and 11. This is understandable fosume that the phase | test results may be low due to the high
the TC and SS directions of loading for which a smakl in stress level@; =500 kPa). The phase IV triaxial extension
crease in relative density or a small decrease in state parartest results, which were for angular sands, plot significantly
eter can produce large increases in minimum undrainedligher than the other results on more rounded sands at simi
strength ratio and, hence, a nonbrittle response. lar SPT blow counts.

Comparing the average in situ state of samples (Table 5) With these observations in mind, it would appear that the
with those shown in Figs. 10 and 11 shows that the sampleiaxial extension results plot close to the lower bound and
from phase | (Mildred Lake) and phase IV (LL Dam) the simple shear results plot close to the upper bound of the
densified somewhat during thaw and consolidation due t@ange suggested by Seed and Harder (1990). Above an SPT
lack of full saturation (Wride and Robertson 189799%,  (Nj)gocs Of 12, the laboratory data from Duncan Dam indi
1997). Hence, their in situ minimum undrained strength ra cate a more rapid increase in shear strength than suggested
tio may be somewhat smaller than that shown in Table-8, alby Seed and Harder. The range suggested by Seed and
though the trend lines shown in Figs. 10 and 11 could beHarder significantly underpredicts the undrained strength in
used as a guide to estimate the change in response due tt@axial compression loading. The Seed and Harder relation
any change in state during thaw and consolidation. The minship appears to be conservative, at least for certain types of
imum undrained strength and strength ratio values for type @oading. This is consistent with the findings reported by
responses are given in Table 9. The average end-of-test ulVride et al. (1999) after reexamining the case histories in
drained strength and strength ratio values based on all sarthe Seed and Harder database. The undrained strength for
ples (strongly influenced by values from samples with typeangular sands appears to be significantly larger at the same
D responses) are given in Table 10. All of these values argalue of (N;)gocs A correction for high overburden stress
significantly higher than those shown in Figs. 10 and 11. (similar to Ky may also be required when estimating the
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Fig. 7. Relationships between relative density and minimum undrained strength ratio for strain-softening samples (type A-and B re
sponses): d) clean sand trend lines proposed by Yoshimine et al. (19%))cgmparison of CANLEX reconstituted test results with

trends observed by Yoshimine et al.
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sites, along with the range of measured minimum undrained

the data are too limited to provide recommendations at-preshear strength ratio from undisturbed sampl&;; (/)

ent. It is interesting to note that the data shown in Fig. 12vhich demonstrated a strain-softening (type B) response.
are minimum (quasi steady state) undrained shear strengthalso included in the plot is the relationship betwegig,/
End-of-test values of undrained strength plot significantlyand (\N;)go recommended by Stark and Mesri (1992) for

higher than the Seed and Harder range.

clean sands. A, of 0.5 was assumed to plot bo®,./p/

Figure 1& shows the average and standard deviation obnd S/g,’ in the same figure. Figure b¥hows the average

corrected SPT blow countN()go from the six CANLEX

and standard deviation of equivalent clean sand corrected
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Fig. 8. Relationship between minimum undrained strength ratio and brittleness index for strain-softening samples (type A-and B re
sponses): d) clean sand trend lines proposed by Yoshimine et al. (19%))cgmparison of CANLEX reconstituted test results with

trends observed by Yoshimine et al.
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SPT blow count, i;)g0cs from the six CANLEX sites. The tive measure of the associated in situ state. However, it may

average undrained shear strength value from the Duncame more representative to take the average value of the SPT
Dam in simple shear was around 0.21 over a range ofor the phase | and LL Dam (phase 1V) sites, since those

(Ny)socs from 8 to 14. Again, since not all of the CANLEX samples showed some densification during thaw and censol

samples that were tested showed a strain-softening (type Bdation due to a lack of full saturation.

response, it is reasonable to take the average minus onelf the phase | results are assumed to be low due to the

standard deviation of SPT blow count as a more representaigh stress level, the range suggested by Stark and Mesri
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Fig. 9. Relationship between state parameter and minimum undrained strength ratio for strain-softening samples (type A and B re
sponses): d) clean sand trend lines proposed by Yoshimine (1998),comparison of CANLEX reconstituted test results with trends
observed by Yoshimine.
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(1992) appears to fit closer to the triaxial extension and simstrength ratio §,,,/0,;) for clean sands. Yoshimine et al.
ple shear results, with the triaxial extension being closer tsuggested that the average minus one standard deviation of
the suggested lower bound and the simple shear being closé.,y).s May be a better representation of the in situ state for
to the suggested average and upper bound. Again, the suthe evaluation of flow liquefaction, since instability will be
gested range significantly underpredicts the triaxial eomdriven by weaker zones. Figure d4hows the relationship
pression values. The end-of-test values of undrained shebetweenS/o,;’ and @:1n)cs SUggested by Yoshimine et al. in
strength ratio are significantly higher than the range-sugterms of reconstituted Toyoura sand results and three flow
gested by Stark and Mesri. liquefaction case histories for which the mean effective
Recently, Yoshimine et al. (1999) suggested that the norstressp;, was less than 500 kPa. Figureblghows the aver

malized equivalent clean sand CPT penetration resistancage minus one standard deviation equivalent clean sand CPT
(dein)es €anN be used to estimate the minimum undrainedd.;p)cs Values from the six CANLEX sites along with the
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Fig. 10. Undrained response of CANLEX ground-freezing samples which had a strain-softening (type B) resppnsiationship be
tween relative densitydY;) and minimum undrained strength ratid) (relationship between minimum undrained strength ratio and brit
tleness index.
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range of measured minimum undrained shear strength ratiple shear results from phase | are considerably lower than
from undisturbed samplesS{;/p) which demonstrated a the range suggested by Yoshimine et al., indicating a
type B response. Also included in the plot is the relationshippossible large correction to account for high stress levels.
betweenS/o,/ and @.1n)cs SUggested by Yoshimine et al., Based on the shape of the USLs shown in Fig. 2, grain
based on the SS direction of loading and the three case hisrushing and the influence of high stresses may be important
tories. A K, of 0.5 was assumed to plot bo®,/p/ and at stressesp() greater than 200 kPa. Yoshimine et al. also
S/0,i in the same figure. suggested that the relationship for simple shear appears to
If the phase | results are assumed to be low due to th@gree well with case histories of flow liquefaction. The sim

high stress level, the CANLEX test results agree quite wellPle shear test results from the Massey and J-pit sites agree
with the range suggested by Yoshimine et al. (1999). Thevell with the relationship suggested by Yoshimine et al.
phase IV results for angular sand again show a significantly Figure 15 shows the average and standard deviation of
higher undrained strength ratio at the samg\).s The sim  normalized shear wave velocity from the six CANLEX sites
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Fig. 11. Undrained response of strain-softening CANLEX ground-freezing samples (type B response) in terms of state pabameter (
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and the range of measured minimum undrained sheaSummary and conclusions
strength from undisturbed sample§,() which demon-
strated a type B response. Also included are the relationships The major objectives of the CANLEX project were to de-
betweenS, and Vg, for Fraser River sandK = 0.5) at ulti-  velop test sites to study sand characterization; develop and
mate state for TC (based on Fear and Robertson 1995) ambaluate undisturbed sampling techniques; calibrate and
quasi steady state for TE (based on Robertson and Feawaluate in situ testing techniques; and obtain an improved
1995). Fear and Robertson (1995) suggested that the normalnderstanding of the phenomenon of soil liquefaction. In
ized shear wave velocity was useful for identifying a peossi general, all of the major objectives of the project have been
ble strain-softening response, but, due to the sensitivity ohchieved. The following provides a summary of all the major
the relationship, it was not recommended for estimating thdindings from the CANLEX project.
value of the minimum undrained shear strength. The results Sjx sites were selected in Western Canada to study site-
from this study confirm this observation. A normalized shearcharacterization techniques for soil liquefaction. The sites
wave velocity of around 160 m/s appears to represent th@ere selected to provide a range of different loose sand de
critical value for a strain-softening (type B) response te un posits. The deposits varied in age from 2 months to over
drained simple shear, although strain softening in triaxial €x4000 years. The sands were uniformly graded, with an-aver
tension loading was observed at larger values of normalizegge grain size sy of about 0.20 mm and fines content
shear wave velocity. (<74 pm) generally less than 15%. The sands were -com
Several techniques have been suggested for estimating tip@sed primarily of quartz, with small amounts of feldspars
stress—strain  response of sands from self-boringnd mica. The Fraser River sand had higher amounts of feld
pressuremeter tests (Hughes et al. 1997; Roy et al. 19983pars and mica. The sand grains ranged from subrounded to
These methods are based on computer-aided modelling aihgular. All of the sands appear to be uncemented and es
the pressuremeter response curves. Computer-aided modskntially normally consolidated. At each site, a small target
ling can be based on either simple stress—strain relationshione within the deposit was identified for detailed study. The
to estimate the likely state of the sand (Hughes et al. 1997arget zones were generally only 4-5 m thick and 10 m in
or on more complex constitutive stress—strain models that rediameter in an effort to minimize the variability within the
quire a numerical analysis of the pressuremeter (Roy et abands. The average effective overburden stress in the target
1998). The method suggested by Roy et al. (1998) providedones ranged from 53 to 495 kPa. Two sites had natural
a reasonable comparison with measured stress—strain curveands which were deposited hydraulically as part of the
from laboratory testing on undisturbed samples, although theil-sands extraction process in Alberta. Two sites had natural
comparison was difficult due to the large variation within sands as part of the extensive channel deposits of the Fraser
each deposit. The method by Hughes et al. (1997) also prdriver, near Vancouver, British Columbia. Two sites had hy
vided reasonable estimates of in situ response, although thdraulically placed tailings sands resulting from the hard-rock
range of measured responses was also wide. mining operations of Highland Valley Copper, south of
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Fig. 12. Comparison of CANLEX data for ground-freezing samples which had a strain-softening (type B) response with Seed and
Harder (1990) clean sand relationshipa) in terms of SPT Ny)eo; (D) in terms of clean sand equivalent SPN)gocs
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Fig. ;3. Comparison of CANLEX data for ground-freezing samples which had a strain-softening (type B) response with Stark and
Mesri (1992) clean sand relationshipg) (n terms of SPT Il,)s0; (b) in terms of clean sand equivalent SPN;)go.s Ko = 0.5 has
been used to sho®,,;/p’ and S/o,/ in the same plot.
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Fig. 14. Relationships between minimum undrained shear strength ratio and @pPaftér Yoshimine et al. (1999)bf CANLEX
ground-freezing samples having a strain-softening (type B) response data compared with the Yoshimine et al. rel&jondhip.has
been used to sho®,,;/p’ and S/o,/ in the same plot.
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Fig. 15. Comparison of relationship between minimum undrained shear strength and shear wave velocity for CANLEX ground-freezing
samples having a strain-softening (type B) response and relationships for Fraser River sand (after Fear and Robertson 1995; and Rob
ertson and Fear 1995).
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Kamloops, British Columbia. Not all deposits were saturatedations measured or inferred from the geophysical logging
below the groundwater table. Two deposits (Mildred Lakeand the CPT. The variations in grain characteristics influ
and LL Dam) produced samples for which the degree of satenced the associated index parameters( €nin, and spe
uration was less than 100%, possibly due to gas generatiaific gravity Gy and, to some degree, the soil fabric.
from residual bitumen and local depositional history. Variations in grain characteristics were visible in the undis
A major observation from the project was the extremeturbed samples. Hence, it was difficult to select representa
variability of these sand deposits. Although small targettive average values for some index parameters, especially
zones were selected for detailed study, the deposits had higihen the fines content was higher. The rapid variations in
variability within these target zones. The variability was ex void ratio made it difficult to generalize the response of the
pressed by rapid changes in void ratio (relative density)sand to loading and to make simple comparisons between
both vertically and laterally, as well as small changes inlaboratory results and in situ test results.
grain characteristics, such as grain-size distribution and fines The rapid and wide variations in void ratio and in situ test
content. The rapid variations in void ratio observed with theresults illustrate the difficulty of identifying representative
undisturbed samples may be due, in part, to the small physivalues for a given deposit to evaluate liquefaction suseepti
cal size of the samples, as compared with the void ratic varibility (either cyclic or flow liquefaction). Since not all of the

© 2000 NRC Canada



586 Can. Geotech. J. Vol. 37, 2000

samples tested showed a strain-softening response to uat the two sites at which the in situ degree of saturation was
drained shear, it is likely that the representative values for dess than 100% in the target zones. Gamma—gamma logging
given deposit should not be average values, but more likelyvas also carried out using a new radioisotope CPT (Mimura
the 20th percentile values (i.e., 20% of values are smaller)et al. 1995) at the two phase Il sites. Results were very good
Further research is required to clarify this important issue. and the radioisotope CPT shows promise. The CPT-based
A major objective of the project was to obtain undisturbedmethod by Plewes et al. (1992) provided good predictions of
samples of the sand deposits. Modifications to the groundin situ state parametet) compared with those of the un
freezing technique were developed and evaluated to obtaidisturbed samples, with a slight tendency to predict denser
high-quality undisturbed samples from discrete target zonesstates for the older deposits.
Factors that influence ground freezing and sampling in The self-boring pressuremeter provided reasonable results
sandy soils were evaluated and quantified (Hofmann et alin terms of in situ horizontal stresses and estimates of in situ
2000). Factors affecting high-quality fixed piston samplingstate and stress—strain characteristics. The pressuremeter re
in sandy soils were also evaluated and quantified (Plewesults indicated a range of in sit, values at each site, and
and Hofmann 1995). High-quality samples were obtainedan average value of 0.5 was selected. Interpretation of
using fixed piston sampling techniques at three of thepressuremeter results to estimate stress—strain characteristics
CANLEX sites. However, despite careful sampling and-sub based on computer-aided modelling of the pressuremeter re
sequent freezing (for preservation), the fixed piston samplesponse curves (Roy et al. 1998) provided a reasonable com
obtained from two of the saturated sites were, on averaggarison with measured stress—strain curves from laboratory
somewhat denser (change in void ratdee = —0.03 to —0.05) testing on undisturbed samples, although the comparison
than the samples obtained using ground freezing. Thisvas difficult due to the large variation within each deposit.
agrees with similar data obtained at Duncan Dam (Plewes éthe pressuremeter-CPT-based method to estimate in situ
al. 1994). Fixed piston sampling at one of thesaturated state parameter by Yu et al. (1996) underpredicted the state
sites (Mildred Lake) resulted in larger density changes<{  (i.e., predicted denser states) compared with those of the un
—0.10 to -0.15). Hence, the use of conventional samplinglisturbed samples.
techniques to determine the in situ density of loose, unsatu- A total of 121 undisturbed samples were tested in strain-
rated sands should be avoided. Sampling using double-tulintrolled monotonic loading and a total of 37 undisturbed
coring techniques proved to be useful for obtaining core forsamples were tested in cyclic loading from the six sites. The
soil identification purposes only (Plewes 1993). Rotary-large variability in void ratio has made it difficult to general-
vibration (sonic) cores also proved to be useful for strati-ize the expected in situ response to loading, since it was not
graphic logging, although some detail can be lost due to ligpossible to test undisturbed samples over their full range of
uefaction of the loose sediments during vibrations. Then situ states. Two main methods for thawing and consolidat-
Laval large-diameter piston sampler was also evaluated ahg frozen undisturbed samples were evaluated. One in-
three sites, with success at only one site and limited succes®lved thaw and consolidation at the in situ stresses and the
at another. Adequate mud flow during overcoring was identi-other involved thaw at a low stress followed by
fied as a key factor in successful sampling using the largereconsolidation to the in situ stresses. Although no consen-
diameter piston sampler. In addition, the large-diameter pissus was reached on the recommended thaw—consolidation
ton sampler may not be suitable in deposits that contain angrotocol, it was agreed that great care is required to ensure
gravel-sized particles. minimal changes in void ratio during thaw and consolida
Improvements were made to sample handling proceduretson. Lack of saturation had a significant influence on the
to ensure sample quality during sampling, transportationchanges in void ratio during thaw and consolidation. When
and storage. Samples (other than those from ground-freezamples were fully saturated in situ, both thaw—conselida
ing) were frozen on site prior to transportation and storagetion methods provided good results with generally very
Samples were stored in freezers between layers of insulatiosmall changes in void ratioAé < 0.02). Freezing helps
and ice and maintained at —20°C. Full details are given in anaintain the in situ stress state in samples; however, ice will
companion paper (Wride et al. 206)0 creep under high shear stresses. Hence, storing frozen sam
The in situ test results, in particular the CPT and geophysples for an excessive time before testing is not recommended
ical (gamma—gamma) logging, confirmed the rapid varia and samples should be stored at around —20°C to minimize
tions of in situ density, although the variation was morecreep. Creep of the pore ice will likely have a greater influ
subdued than that observed from samples. The existing engnce on changes in stress state for samples with high in situ
pirical correlations to estimate relative density from the SPTstresses (i.e., >300 kPa) and high values of stress anisotropy
CPT, and shear wave velocity generally provided reasonablg.e., K, < 1.0).
agreement with the undisturbed samples, although the age of A major observation from the laboratory testing was that
the deposit had a significant influence, especially for deposthe undrained stress—strain response of undisturbed samples
its older than about 100 years. The geophysical logging prowas strongly influenced by the direction of loading, with
vided good agreement with the undisturbed samples exceptiaxial compression (TC) being considerably stronger than
at one site (Kidd) where the logging was unable to meet actriaxial extension (TE). Simple shear response was generally
ceptable criteria for borehole rugosity. High-quality intermediate between compression and extension response.
(gamma—gamma) borehole geophysical logging requires amhis result is consistent with previous observations for clay
uncased, mud-filled borehole with a uniform, smooth bore soils (Bjerrum 1972) and recent observations for recensti
hole wall. The borehole geophysical logging slightly tuted sands (Hanzawa 1980; Georgiannou et al. 1990;
overpredicted the void ratio of the ground-freezing sample¥oshimine  1996; Vaid and Sivathayalan 1996).
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Jamiolkowski et al. (1985) showed that the difference in un monotonic undrained stress—strain response of sands. It is
drained shear strength due to direction of loading in claylikely that sample preparation for reconstituted testing be
soils was a function of soil plasticity, with the difference-be comes more important as the fines content and grain-angu
coming larger with decreasing soil plasticity. The resultslarity increase.
from this study confirm that observation, since the sands that Based on the results of the monotonic laboratory testing
were tested were nonplastic and the difference in undrainedn both undisturbed and reconstituted samples, it was diffi
shear strength was large. The variation in minimum un cult to determine a unique steady (ultimate) state line for the
drained shear strength in sand due to direction of loading isands at the CANLEX sites. This was partly due to the sig
also a function of sand state or relative density. The differ nificant differences in undrained response due to differences
ence in minimum undrained strength became less as the saitldirection of loading and the limited strain range available
became looser. The monotonic undrained response of thgith most laboratory equipment. However, since techniques
sands was also influenced by the anisotropic consolidationave been developed based on steady state concepts (e.g.,
stress state. Samples were more brittle in TC and less brittlkonrad and Watts 1995), reference ultimate state lines
in TE when the initial stress state was anisotrofig £ 0.5),  (USLs) were estimated for each sand based primarily on
compared with isotropically consolidated samplég € 1.0). triaxial compression test results. Konrad and Pouliot (1997)

Although the selected test sites were expected to havpresent some of the results for phase Il of the CANLEX-pro
loose sand deposits based on past in situ testing criteria, gact. These USLs were used to estimate the in situ state pa
undrained strain-softening response was observed in onlgameters so that the measured laboratory response could be
8% of the samples tested in triaxial compression, 30% ofompared at different states. For all of the sites, the observed
those tested in simple shear, and 40% of the those tested imdrained monotonic response for undisturbed samples re
triaxial extension. In general, it was the looser undisturbedated to state parameter slightly better than to relative- den
samples that showed a strain-softening response in triaxigity, although wide scatter was observed for both
extension at all sites, although this trend was not alwaysipproaches. The observed scatter was slightly larger for re
clear. In simple shear, strain softening was observed at onlgonstituted CANLEX sand samples, which may reflect the
three sites (Mildred Lake, Massey, and J-Pit), and in triaxialsensitivity of the measured response to the small variations
compression it was observed at only two sites (Massey anith grain characteristics within these sand deposits. The ob-
J-Pit). All samples showed some strain hardening at largserved undrained monotonic response was dominated by the
strains, even in triaxial extension loading. The degree of britdirection of loading. In general, the average overall state of
tleness and amount of strain occurring during minimumthese deposits was slightly dense of the reference USL, with
strength was larger for samples with a lower minimum un-a small percentage being loose of the reference USL.
drained strength ratio, for a given direction of loading. Strain The laboratory undrained cyclic test results on undis-
softening of samples from the Kidd site was observed onlyturbed samples compared well with the SPT, CPT, and shear
in triaxial extension, even though this site had some of thavave velocity cyclic resistance ratio (CRR) curves recom-
loosest in situ states. This was due, in part, to the limitednended by the 1996 NCEER Workshop (Youd and Idriss
testing program being unable to select and test the loose$997). These results are consistent with previous studies
samples and the possible influence of the age of these sanbased on undisturbed frozen samples (Yoshimi et al. 1994;
(>4000 years). Pillai and Stewart 1994). The correction factét) for high

Test results on reconstituted samples generally showeaverburden stress worked well for the SPT-based method,
reasonable agreement with the results on undisturbed sarhut less so for the CPT and shear wave velocity methods. At
ples obtained using ground freezing. The results confirmedhe sites for which samples were not fully saturated (Mildred
that the sands were uncemented. Reconstituted samples pteke and LL Dam), the measured CRR was slightly larger
pared using water-pluviation techniques generally showethan predicted based on the NCEER recommended curves.
better agreement with the undisturbed samples for SyncrudEhis is consistent with recent research on gassey sands
sand. However, the in situ void ratio of a significant portion (Grozic 1999).
of the target zones at several sites had void ratios looser than The laboratory monotonic test results of minimum (quasi
could be obtained using water-pluviation techniques in thesteady state) undrained shear strength from undisturbed sam
laboratory. Reconstituted samples made using air-pluviatioples that were strain softening (type B response), for the
and moist-tamping techniques were generally weaker thasands with subrounded grains and at sites at which the
similar samples made using water-pluviation techniques foeffective overburden stress was not high, & 100 kPa),
Syncrude sand. A detailed comparison of different modes oftompare reasonably well with the empirical correlations pro
deposition was not made for Fraser River or HVC sandsposed by Seed and Harder (1990) and Stark and Mesri
The in situ testing results showed the importance of aging(1992) based on case histories and the SPT. In general, the
with the older sites (Massey and Kidd) showing a significanttriaxial extension results are closer to the suggested lower
increase in penetration resistance and shear wave velocibounds and the simple shear results are closer to the upper
due to age. Hence, it may be possible to predict the in sitlbounds. The triaxial compression results are significantly
response of clean sands based on testing reconstituted sahmigher than the suggested ranges. The measured minimum
ples made to their in situ void ratio and stress levels; proundrained shear strength values also compare well with the
vided that the sands are uncemented and their ages do natrrelations based on the CPT and shear wave velocity by
exceed about 100 years. Further research is required to claroshimine et al. (1999) and Fear and Robertson (1995), re
ify the influence of age, fines content (and other grain ehar spectively. The results from this study indicate that the mini
acteristics), and method of sample preparation on thenum undrained shear strengths of angular sands are
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noticeably higher than for those for rounded sands. The minCPT, orV,) are likely appropriate and conservative for both
imum undrained shear strengths at the one site for which theyclic and flow liquefaction. However, it is important that
effective overburden stress was high,/(= 500 kPa) were direction of loading be taken into account for flow liquefac
generally lower than would be predicted using the existingion. The CPT has the advantage of producing continuous
empirical correlations based on in situ tests. The end-of-tegirofiles of data. The results of this study can be used to im
values (typically at 15-20% strain) of undrained shearprove the estimates of undrained shear strength as a function
strength were significantly higher than the values predicteaf direction of loading, high in situ stresses, and grain angu
based on in situ tests. This may be due to the fact that thkarity. For low-risk projects, it is generally appropriate toe re
samples were tested under strain-controlled conditiongain some level of conservatism in the empirical correlations.
(Hanzawa 1980). For moderate-risk projects, it may be appropriate to add geo
It is interesting to note that the average cyclic resistancghysical (gamma—gamma) logging to aid in the estimate of
ratio for 15 cycles in cyclic simple shear (CRR 1,40,/)  in situ density, as well as selected laboratory testing. Labo
for all of the sites at which the in situ effective overburdenratory testing may be appropriate on undisturbed samples of
stress is close to 1 atm (1 atm = 101.325 kPa) was arounfine-grained soils (silty clays, clayey silts) for which the-ex
0.10. It is also interesting to note that the average minimunisting empirical techniques often require large corrections
undrained strength ratidS(,;,/0,;) for simple shear loading and undisturbed samples may be obtained using cenven
for the same sites was also around 0.10. However, th&onal techniques. Laboratory testing on reconstituted-sam
monotonic resistance appears to be much more sensitive fgdes made to their in situ void ratios and stress levels may
small changes in void ratio and grain characteristics than thaelso be appropriate if the sands are clean (fines content
cyclic resistance. The NCEER-recommended correction fac<5%), uncemented, and unaged (age <100 years). For high-
tor (Youd and Idriss 1997) to correct the predicted CRR forrisk projects, for which the consequences of liquefaction can
high effective overburden stress at the Mildred Lake stie¥  be severe and the cost of undue conservatism very high,
0.76 ato,; of 330 kPa) was consistent with the test resultsconsideration should be given to obtaining undisturbed-sam
on undisturbed samples tested at their in situ stress and thdes using ground freezing in potentially critical zones, as
SPT. Based on the limited test results from this study, itdentified by using existing empirical techniques based on in
would appear that a similar correction factor for high over-situ testing. Hence, for high-risk projects, consideration
burden stress may apply to the minimum undrained sheashould be given to carrying out a site-characterization pro-
strengths predicted using the existing empirical correlations.gram similar to that carried out at these CANLEX sites. A
As part of the CANLEX project, a study was carried out recent example where this was done successfully is the de-
to evaluate analysis procedures for predicting the flow liquetailed investigation at the Duncan Dam as part of a dam
faction phenomenon. Two experimental test types were casafety review by B.C. Hydro (Little et al. 1994).
ried out, a full-scale field test comprised of an embankment
built over a loose saturated sand deposit, and centrifuge tes
performed on models of the prototype field test. Both teSFcknowledgments
types were designed to induce flow liquefaction under This work was supported by CANLEX (Canadian Lique-
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loading and drainage. The analyses showed that the-tradCanada Ltd. The collaboration included the geotechnical
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