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ABSTRACT

Liquefaction of sandy soils can have significant financial, environmental and human
impacts, with observable ground surface features ranging from sand boils to catastrophie
flow failures, depending on the type and extent of liquefaction that occurs. Liquefaction
phenomena have been divided into two main types: cyclic softening and tlow hiquefacuon.
Cyclic softening (liquefaction) generally occurs in level to gently sloping ground in which
shear stress reversal can occur, but may also occur in and around soil structures and
buildings. Deformations associated with cyclic softening occur only during eyche loading
and accumulcte with additiona! cycles of loading as a conscequence of a oss in soii
stiffness. Flow liquefaction occurs only in strain-softening soil, provided that a trigger
mechanism (static or cyclic) causes the soil to strain-soften.  Flow hiquetaction generally
occurs in sloping ground in which the driving stresses arce larger than the resulting
undrained shear strength of the soil. Deformations can be catastrophic it the soil structure
contains sufficient strain-softening matcrial and if the geometry is such that a kinematically
admissible mechanism can develop. In-situ testing can provide a uscful tool for evaluating
liquefaction potential and any consequences. Conventional standard penctration test (SPT)
based methods and conc penetration test (CPT) bascd methods for evaluating liquetaction
potential and resulting undrained shear strengths arc reviewed. An integrated CPT based
method for evaluating cyclic softening (liquefaction) potential is proposed. In addition, a
comprehensive framework for evaluating flow liquefaction potential, linking in-situ testing
to undrained laboratory response is developed. Other methods for estimating the undrained
strength of sand susceptible to flow liquefaction are investigated, including critical state soil
mechanics concepts applied to in-situ testing results and an experimental program of rapid
downhole plate load tests in loose sand. Finally, a family of solutions is reccommecnded for
evaluating either cyclic softening (liquefaction) or flow liquefaction potential in sandy soils

from in-situ testing, based on the level of risk associated with a particular project.
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task. There are many variable factors which serve to complicate the process. No matter
how the study is performed or how consistent one trics to be 1n assigning a single valucd
combination of (Nj)e0 and CSR to a case record, one must always exercisce a certan
amount o>f judgement. It is clear that the onginal Berkeley interpretations involved
judgement and were directed toward a conservative assessment of the database. In
addition, (N1)eo and CSR are not the only factors affecting the potential for hquefaction ata
particular site. Other factors such as fines content, gravel content, cecmentation, age, fabric,
thickness of the liquefied layer, thickness or nature of any overlying non-liquefied layer,
impeded seepage and topography may affect both the potential for liqueraction and the
extent of the effects once liquefaction has been triggered. These factors and others Tikely
add uncertainty to the databasc ard may account for the transition zones that have been
observed in this study. However, based on the available data, it was difficult to further
distinguish between the data on the basis of any of these factors, except for lines content
and possible impeded seepage. While an effect of fines content was found, the study does
not support the broader range reported in the original work. Some trends have been
suggested regarding the effects of impeded drainage; however, further investigation and
research is needed to determinc specific effects on liquefaction potential. The appiication of
statistical techniques to the revised database using the methods and procedures followed by
Liao (1986) would constitutc a logical extension of this study.

60



Table 2-1: Composition of 125 case records
ir the original Berkeley catalogue

Number of
Case Records

A. Classification of the Original 125 Case F2cords

(i) Berkeley catalogue

Liquefied 67
Marginal Liquefaction 7
Non-liquefied 51
(ii) This study
Liquefied 56
Pressure relief/marginal liquefaction 15
Non-liquefied 52
Liquefied or non-liquefied depending on location at the site 2
B. Case Records repeated twice in the Database (each
pair of points reflects one site investigation, but two different 21
earthquakes, usually one which did not cause liquefaction and a
larger one which did)

C. Availability of Reference Papers

Original reference papers were located ’ 112
Related papers found when original reference was not found 12
No reference paper found 1

D. Site conditions

Level ground 49
On or near sloping ground (dyke, dam, slope, river embankment, 25
lakeside or riverside)

Under or near a structure (e.g. bridge, building) 22
Site conditions unknown 29

E. Re-evaluation of case records

(i) No re-evaluation could be made 31
Original reference paper did not contain a BH log 18
Original reference paper was not found; any alternates that 13
were found did not contain BH logs

(ii) A re-evaluation was made 94
Same (Nj)eo selected as in the Berkeley catalogue 36
Lower (Nj)eo selected than in the Berkeley catalogue 58
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Tabtz 2-3: Summary of Berkeley case records for which the original
assessment was the same as in this study

(N1)60
Response Number of
Case Records Mean Standard Range
deviation
A. 36 case records for which borehole logs were found
liquefied 14 7.4 51 1410 13.6 (1)
pressure relief 10 58 43 2810170
non-liquefied 12 10.6 57 2.41t020.1
B. 31 case records for which borehole logs were not found (2,3)
liguefied 16 83 34 1.5t014.5
non-liquefied 15 13.0 54 8.0t0258.5

Notes:

(1) Except for case record 90 (see Table 1) which liquefied with an (N1)60 of 20.1.
(2) Case records with no borehole logs in references cited by Seed et al. (1984) = 18.

(3) 10 case records are based on 5 sites, each affected by two earthquakes.




Table 2-4: Classification of drainage conditions for all case records

Case Drainage

Case

Drainage Case Drainage Case Drainage Case Drainage
Record Condition] Record Condition| Record Condition] Record Condition] Record Condition

1 3 29 2 56 (L7 1= 68 2 101 1
1 1* 30 1= 57 (BH1) 3 69 2 102 1
2 1 31 4 57 (BH10) 1 70 2 103 R
2 1 32 2 57 (BH11) 1* 71 2 104 4
3 2 33 1 57(BHi2) 3 72 2 105 1*
4 3 34 1 57 (BHI13) 3 73 4 106 1*
4 3 35 1 57 (BH14) 3 73 1 107 1
5 3 36 4 57 (BH15) 3 75 4 108 1
6 1 37 4 57 (BHI19) 3 76 4 109 1
7 1 38 4 57 (BH2) 3 77 3 110 1
8 1 39 4 57 (BH21) 3 78 1 111 3
9 1= 40 4 57 (BH22) 3 79 1 112 3
10 4 41 4 57 (BH23) 3 80 1 113 3
11 4 42 4 57 (BHz3) 3 81 1 114 | R
12 2 43 4 57(BH25) 3 82 1 115 1*
13 2 EES 3 57 (BH26) 3 83 4 116 3
14 2 45 3 57 (Biig) 3 81 2 117 2
15 1 46 3 57 (BHS5) 3 85 2 118 2
15 1 47 3 57 (BH7) 3 86 2 119 i
16 2 48 1 57 (BH8) 3 87 2 120 K
17 1* 49 2 57 (BH9) 3 88 2 121 3
17 1* 50 2 58 3 89 2 122 K]
18 2 51 3 59 4 90 4 ! 123 1*
19 3 52 4 60 4 91 1 3

20 1 53 4 61 4 92 4

21 1* 54 3 62 3 93 4

22 4 55 3 63 3 94 3

23 4 56 (L1) 3 63 3 95 3

24 4 56 (12) 2 64 1% 96 3

25 4 56 (L3) 3 64 3 97 1

26 4 56 (LA4) 3 65 2 |

27 1 56 (LS) 2 66 3 929 1

28 3 56 (L&) 1* €7 2 100 1

1 =open drainage = perm. above = perm. of layer of interest (e.g. gravel over sand)

1* = indicates that open drainage exists for some thickness above the layer of interest, although
there is a less permeable layer well above the layer of interest
2 =shut drainage A = perm. above slightly less than in layer of interest (e.g. silt over sand)
3 =shut drainage B = perm. above much less than in layer of interest (e.g. clay over sand)
4 =drainage conditions unknown
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CHAPTER 3

AN INTEGRATED METHOD FOR EVALUATING
CYCLIC LIQUEFACTION POTENTIAL BASED ON

THE CONE PENETRATION TEST (CPT)!.2.3

3.1 Introduction

Cyclic softening commonly occurs in the field as a result of earthquake loading, resulting in
observable features such as sand boils, lateral spreading, and ground cracks. The largest
deformations occur when in-situ shear stresses are low and the earthquake causes shear
stress reversal in the ground (see Figure 3-1). This process results in essentially zero
effective stress and subsequent large reductions in soil stiffness leading to deformations
which accumulate with additional cycles of loading. Cyclic softening potential is a function
of the density of the soil as well as the duration and size of the cyclic loading.

The previous chapter dealt with the SPT-based method of evaluating cyclic softening
(liquefaction) potential at a site. The SPT based method, although it is the most commonly
used method in practice, has many problems, primarily due to the unreliable naturc of the
SPT. Many factors can affect the SPT, including inadequatc cleaning of the hole, failure to
maintain an adequate head of water in the borehole, careless measurc of hammer drop,
inaccurate weight of the hammer, hammer striking the drill rod collar eccentrically, lack of
hammer free fall, sampler driven above the bottom of the casing, careless blow count, use
of a non-standard sampler, coarsc gravel or cobbles in the soil and the usc of bent drill rods
(Kulhawy and Mayne, 1990). However, the most imporiant factor affecting SPT results is
the energy delivered to the SPT sampler. It is extremcly important to measure the rod
energy ratio delivered to the sampler during the actual site investigaiion (rather than relying
on global correction values) and correct the measured blowcount to a reference energy ratio
(generally accepted as 60%), in order to improve the level of reliability of the SPT. In

1 A version of part of this chapter has been published. Roberison, P.K. and Fear, C.E. 1995.
Application of CPT to evaluate liquefaction potential, Proceedings of the International
Symposium on Cone Penetration Testing, CPT'95, Linkoping, Sweden.

2 A version of part of this chapter has been published. Robertson, P.K. and Fear, C.E. 1995.
Liquefaction of sands and its evaluation, Proceedings of 1S Tokyo '95, First International
Conference on Earthquake Geotechnical Engineering, Keynote Lecture.

3 A version of part of this chapter is in the process of being published. Robertson, P.K. and Fear,
C.E. 1996. Soil liquefaction and its evaluation based on SPT and CPT, Proceedings of the 1996
NCEER Workshop on Liquefaction.
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addition, the SPT is typically conducted at five foot depth intervals. It is therefore possible
to miss important ground features. The cone penetration test (CPT), beifig continuous in
nature, can provide a more detailed profile of the ground. In addition, the CPT is generally
more repeatable and reliable.

3.2 Estimation of Cyclic Resistance Ratio (CRR)

Cyclic softening is predicted o occur when the cyclic stress ratio (CSR) induced by the
carthquake exceeds the cyclic resistance ratio (CRR), tcyc/Ovo', available in the ground.
Secd et al. (1985) developed a simplified method to estimate CSR (see Chapter 2); this
approach can be summarized as follows {after Tokimatsu and Y oshimi, 1983):

[3-1] CSR = 2= 0.1 (M - 1) (3225 Z¥0)(] - 0.0152)
Ovo g "Ovo
where:
Tav = average cyclic shear stress
M = earthquake magnitude, commonly 7.5
amax = mMaximum horizontal acceleration at ground surface
= acceleration due to gravity = 9.81 m/s2
Cvo = total vertical overburden stress
Ovo' = cffective vertical overburden stress
z = depth in meters (for z < 25m).

CRR can be estimated in the field using the SPT (see Chapter 2), CPT or Vg measurements
or estimated in the laboratory using cyclic triaxial or cyclic simple shear testing.

Correlations between CRR and CPT q¢; for both clean sand and silty sands were
developed by Robertson and Campanella (1985), by converting the Seed et al. (1985)
‘SPT-based correlation for clean sand (see Chapter 2) using general qc1/(Nj)eo ratios.
Similar CPT-based charts were developed by Seed and de Alba (1986), Shibata and
Teparaska (1988) and Mitchell and Tseng (1990). Figure 3-2 illustrates the differences
between the most commonly used CPT-based charts. Based on recent discussions at the
NCEER Workshop (1996), the curve by Robertson and Campanella (1985) has been
modified slightly to be more consistent with the SPT curve (see Figure 3-3: solid line
represents relationship proposed by Robertson and Campanella, 1985; dashed line
represents modification based on NCEER Workshop, 1996). The resulting modified CPT
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clean sand correlation can be approximated by the following equation:

A3
3-2] CRR =93 ({8l 4 0.08
where:

(Qc1)cs is the equivalent clean sand qc1, in MPa
3 MPa < (qe1)es < 16 MPa.

Until recently, the database of cyclic softening (liquefaction) case histories having SPT data
available (see Chapter 2) was much larger than the databases of casc histories having CPT
or shear wav¢ velocity data available; consequently, the SPT-based method has been the
most commonly used method in practice. However, the amount of available CPT ficld
performance data is increasing (Ishihara, 1993; Kayen et al., 1992; Stark and Olson, 1995;
Suzuki et al., 1995) and the combined database is now larger than thc SPT databasc. The
recent CPT data seem to confirm that the existing CPT-based correlations for estimuting
CRR are generally good for both clean sands and silty sands. Figure 3-3 compares the
recent field performance data from Stark and Olson (1995) and Suzuki ct al. (1995) for
clean sands to the Robertson and Campanella (1985) clean sand correlation. In gencral, the
correlation by Robertson and Campanella (1985) gives a dividing linc between liqucfaction
case records and non-liquefaction case records that matches the field performance data well.
The sligtt modification to the Robertson and Campanella (1985) correlation, bascd on the
NCEER Workshop (1996) discussions and as approximated by Equation 3-2, is also
shown in Figure 3-3.

The field observation data in the Stark and Olson (1995) and Suzuki ct al. (1995) databases
are apparently based on the following:

Holocene age, clean sand deposits

Level or gently sloping ground

Magnitude M=7.5 earthquakes

Depth range from 1 to 15m (3 to 45 ft)
(84% is for depths < 10 m (30 ft))

Representative average CPT qc) values for the layer that was considered to have
experienced cyclic liquefaction.

Therefore, caution should be exercised when extrapolating the CPT correlation given in

Equation 3-2 io conditions outside of the above range. Since this CPT method is based on
the Seed methodology, similar limitations apply as to when the correlation is applicable and
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similar uncertainty exists over degree of conservatism contained within the correlation. An
important feature to recognize is that the correlation appears to be based on average values
for the liquefied layers. However, due to the continuous nature of the CPT, the correlation
is often applied to all measured CPT values, including low values below the average.
Having the continuous soil profile is us=ful, but cauticn should be taken when applying the
average based CPT methodology to variable deposits in which a small part of the CPT data
predicts that cyclic liquefaction could occur. The possible conservatism of the method
when applied to such cases as well as the consequences of liquefaction of individual layers
should be considered as part of the design proce~s. A detailed review of the CPT data,
similar to that carried out by Fear and McRoberts (1995) on SPT data (see Chapter 2)
would be required to investigate the degree of conservatism contained in Figure 3-3.

The correlation given in Equation 3-2 is for clean sands. In general, for the same CRR, the
penetration resistance in silty sands is smaller. This is likely due to the greater
compressibility and decreased permeability of silty sands, which reduces penetration
resistance and moves the penetration process toward an undrained penetration,
respectively. Based on their database of 180 CPT case records (some in clean sands, as
shown in Figure 3-3, and some in silty sands), Stark and Olson (1995) were able to
develop a set of correlations between CRR and qcj for various sandy soils, based on fines
content and mean grain size, as shown in Figure 3-4.

Based on the work by Stark and Olson (1995), fines content based corrections to tip
resistance can be estimated to allow measurements of g1 in silty sands to be converted (o
clean sand equivalent values. The range in potential corrections (Aqci) are illustrated in
Figure 3-5; the recommended correction can be expressed by the following:

[3-3] Aqec1 = 6 MPa if FC 2 35%
Aqcy =0 if FC < 5%
Aqc = 0.2 (FC - 5) MPa if 5% < FC < 35%

where:
FC = fines content, in percent.

Note that Figure 3-5 also indicates the corresponding suggested corrections, A(Nj)eo, for

the SPT, as a function of fines content. Although the corrections given by Figure 3-5 and
Equation 3-3 are based on fines content, it is clear that the CRR of a soil is a function of
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many factors, including plasticity of the fines, grain characteristics (mincralogy, grain
shape etc.) as well as fines content. Hence, the corf2ctions s:i:-uld be applicd with caution.
When a soil is fine-grained or contains some amount of fines, some cohesion or adhesion
can develop between the fine particles making the soil more resistant at essentially zero
effective confining stress. A greater CRR is generally exhibited by sandy soils containing
some fines. However, this tendency depends on the type of fines (Ishihara, 1993).
Laboratory testing has shown that the most important index property distinguishing which
type of fines have this effect is plasticity index, Ip (Ishihara and Koscki, 1989). Cyclic
triaxial tests reported by Ishihara (1993) suggested that Ip=10is the point below which the

presence of fines has little effect on CRR, but above which, CRR incrcases with increasing
values of Ip.

3.3 Estimation of Soil Behaviour Type

Since the corrections suggested in Equation 3-3 arc based on fines content, a profile of
fines content with depth must be determined. One reason for the continued use of the SPT
has been the need to obtain a soil sample for determining the fines content of the soil in
order to apply the Seed methodology (sece Chapter 2). Although the CPT has the advantage
that it produces a continuous profile, unlike the SPT, it does not provide samples for which
grain size distributions can be produced. However, in recent yecars, various charts have
been developed to estimate soil type from the CPT (Olsen and Malone, 1988; Robertson
and Campanella, 1988; Robertson, 1990). Since fines content is obviously some function
of soil type, it seems logical to try to estimate fines content from the CPT predictions of soil
behaviour type. It is possible to combine the CPT results (cone tip resistance and sleeve
friction) with soil classification charts, such as that by Robertson (1990) shown in Figure
3-6 to estimate soil behaviour type. The boundaries betwern sixil behaviour type zoncs
2 to 7 can be approximated as concentric circles about a common point (Jefferies and
Davies, 1993). The radius of each circle can then be used as a soil behaviour type index.
This index, I¢, based on the CPT chart by Robertson (1990), is defined as follows:

[3-4] Ic=[(3.47 - log Q)% + (log F + 1.22)%19%

where:

Q = normalized CPT penetration resistance = (q¢ - Ovo)/Ovo'

F = normalized friction ratio, in percent = [f/(q¢ - Ovo)] X 100%
fs = CPT sleeve friction.



The boundaries of soil behaviour type are then given in terms of the index,
Tablc 3-1. The soil behaviour type index does not apply to zones 1, 8 or 9

3.4 Estimation of Fines Content

Experience has shown that the CPT friction ratio (ratio of the CPT slecv
cone tip resistance) increases with increasing fines content and soil plastic
from Suzuki et al. (1995) illustrates the relationship between friction

content. Many soils fall in the normally consolidated region of the soil beha
shown in Figure 3-6. Therefore, as soil behaviour type changes from a
sandy silt (I¢ increases from 1.31 to 2.60), friction ratio increases and ¢
content can be estimated according to the soil behaviour type index, .
Figure 3-8. The recommended relationship shown in Figure 3-8 can be a
the following equation:

[3-5] Fines Content, FC (%) = 1.7515 - 3.7

In combination, Equations 3-2 to 3-5 provide ar: integrated CPT approach t
potential for cyclic liquefaction in a sandy deposit. By considering this inte
in terms of its individual components, it is possible to modify the equatior
sitc specific conditions. For example, the profile of estimated fines conten
be compared with actual measured fines contents from samples and the
Equation 3-5 can be modified to best fit the site specific data. The final pro
CRR with depth can be compared with laboratory testing on undisturbed sa

3.5 Laboratory Nethods for Estimating CRR

Resistance to cyclic loading (CRR) is a primarily a function of the state of
ratio, effective confining stresses and soil structure) and the intensity anc
cyclic loading (i.e. cyclic shear stress and number of cycles), as wi
characteristics of the soil. Soil structure incorporates factors such as
cementation. Grain characteristics incorporate factors such as grain size di
shape and morphology. Void ratio (i.e. relative density) is recognized as a
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approximated by the following equation:

1 _0.1M-1)
[3-6] M= 065

A best fit curve through the M and N data in Table 3-2, is shown in Figure 3-9 and
indicates that M can be approximated from N using the following equation:

[3-7] M = -0.0038N2 + 0.2442N + 4.7034 (R2 = 0.9989)

Equations 3-6 and 3-7 can be combined in order to correct the applied CSR to an equivalent
CSR at N=15 cycles. This can be taken as the CRR of the soil for a Magnitude M=7.5
carthquake with 15 cycles of equivalent uniform loading.

For high risk projects, a limited amount of laboratory testing on high quality undisturbed
samples of sand should be considered. The method of in-situ ground freezing has been
successful in obtaining undisturbed samples of sandy soils at several sites (Yoshimi et al.,
1978:; Yoshimi et al., 1989; Yoshimi et al., 1994; Sego et al., 1994; Hofmann et al., 1994
and 1995). In general, cyclic simple shear tests are the most appropriate tests to perform.

3.6 Linking the In-Situ Method to Laboratory Testing

On a site specific basis, predictions of CRR based on any of the three in-situ tests (SPT,
CPT or V;) and measurements of CRR by laboratory testing of undisturbed samples can be
compared. The integrated CPT approach is the most straightforward and comprehensive
method to apply. However, if data from more than one in-situ testing method are available,
evaluating CRR based on each of the methods is useful for providing independent
evaluations of cyclic softening (liquefaction) potential. The formulae given for the
integrated CPT approach are general in nature and may not apply on a site specific basis. It
is recommended that for low risk projects, the integrated CPT approach be applied directly.
However, for moderate to high risk projects, a site specific approach with a link to
laboratory testing should be taken in order to modify the individual components of the
method if necessary. This will allow for estimates of CRR to be extrapolated beyond the
zone of undisturbed sampling, based on the results of in-situ testing alone. Thus,
laboratory testing and field testing can be linked in a framework for investigating the
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potential for cyclic scftening. The profile of CRR can then be compared with the predicted

CSR profile for the design earthquake in order to estimate liquefaction potential at the site in
question.

The primary concern for cases of cyclic liquefaction is the amount of deformation that
occurs during and after the earthquake. Catastrophic flowslides will generally not occur,
since cyclic liquefaction tends to occur in level or gently sloping ground in which shear
stress reversal occurs (although if cyclic liquefaction occurs at the toe of a slope, the slope
may fail in a slumping fashion). However, cyclic liquefaction will result in horizontal
displacements, lateral spreading and surface settlements. These movements can affect the
integrity of structures if the deformations are significant. Post cyclic liquefaction shear
strains (resulting in horizontal displacements) and post cyclic liquefaction volumetric strains
(resulting in settlements) can be estimated using methods suggested by Ishihara (1993), as
shown in Figure 3-10. These methods are suitable to the integrated CPT approach because
they are based on the factor of safety against liquefaction (i.e. the ratio of CRR i CSR)
and incorporate values of CPT gc1. In the case of slightly sloping ground, methods such

as those proposed by Bartlett and Youd (1995) can be used to estimatc deformations
associated with lateral spreading.

3.7 Application of the Integrated CPT Approach

Phase 111 of the Canadian Liquefaction Experiment (CANLEX) Project consisted of filling
an old borrow pit (J-pit) at Syncrude, in Ft. McMurray, Alberta, with tailings to creatc a
relatively loose sand deposit with a groundwater table at a depth of approximately 0.5 m.
Figure 3-11 presents a plan of the area of detailed test site at which in-situ testing and

in-situ freezing and sampling were performed. Both SPT and CPT testing was conducted
in the detailed test site area.

Grain size distributions were performed on samples from the SPT sampler, giving
estimates of fines content with depth at the site. Each SPT was paired up with the closest
CPT in order to compare the measured fines contents with the fines content profiles
predicted using the integrated CPT method. Thus, CPT-20 and SPT-1 werc paired
together, CPT-22 and SPT-2 were paired together, and CPT-23 and SPT-3 werc paircd
together. Figure 3-12 compares the profiles of predicted fines content for each CPT with
the measured fines contents from the corresponding SPT. In gencral, the predicted fines
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content is close to the measured values, although there is some scatter, which may be due,
in part, to the averaging effect of the sampling as well as the approximate nature of the
correlation. It appears that the method may overestimate fines content when the actual fines
content is low (e.g. see the CPT22-SPT?2 comparison). However, it is interesting to note
the rapid variation in fines content with depth at this particular site and how the
interpretations of {ines content using the integrated CPT method appears to track this
variation.

Figure 3-13 illustrates how each component of the integrated CPT approach can be applied
to a CPT profile. In this case, the CPT profile is one of several CPTs performed in the
detailed test site at the Massey Tunnel site (CPT M9406). ns part of Phase II of the
CANLEX project. Detailed testing and in-situ freezing and < ing was concentrated in a
target zone located from 8 m to 13 m. Additional details regardiag the interpretation of the
Massey Tunnel site are given in Chapter 8. Figure 3-13 first presents the profile of
corrected cone tip resistance, qc1, for the particular CPT. The profile of soil behaviour type
index, I¢, was estimated by combining the cone tip resistance and sleeve friction from the
CPT with Equation 3-4. The soil above 5 m depth is quite variable with the estimated I¢
ranging from approximately 1 to 3. However, below 5 m, the soil becomes fairly uniform,
with an average estimated I of approximately 1.8. Based on Table 3-1, this value of I¢
corresponds to a sand, ranging from a clean sand to a silty sand.

The profile of fines content was estimated by combining the profile of I¢ with Equation 3-5.
The estimated fines content is quite variable above 5 m, but below 5 m, it is fairly constant
with an average value of approximately 6%. Superimposed on the CPT estimated profile
of fines content is a range of measured fines contents in the target zone (8 m to 13 m). The
CPT estimated profile appears to overestimate fines content in this region; however, the
indicated range of measured values are presently based on very limited data. Further
testing is required at this site to produce a clear profile of measured fines contents with
depth. The profile of the recommended correction to cone tip resistance, Aqcy, was
estimated by combining the profile of fines content with Equation 3-3. Above S m, Aqc is
quite variable, ranging from zero to large values, corresponding to the variety in the
estimated fines content. Below 5 m, Aqc is fairly uniform and rather small because the
estimated fines content in this region is fairly constant and generally not much greater than
5% (see Equation 3-3).

Adding the Aqc) profile to the measured qc; profile and combining the resulting equivalent
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clean sand profile of corrected tip resistance, (qc1)cs. With Equation 3-2 produces the final
profile of CRR. As for the profiles of the individual components of the integrated CPT
method, the estimated CRR is quite variable above 5 m. However, below 5 m, it is fairly
constant with an average value of approximately 0.1. Superimposed on the CRR profile
are the results of testing undisturbed samples of sand from the Masscy site in the
laboratory. Cyclic simple shear tests were performed and the measured cyclic resistance
for each test was corrected to equivalent Magnitude M=7.5 (N=15 cycles) values of CRR
using Equations 3-6 and 3-7. The CPT estimated profile of CRR compares well with the
laboratory results. However, since the average fines content was generally less than 10%
in the region in which the samples were tested, the corrections to CPT tip resistance for
fines content were very small. Further laboratory testing of undisturbed samples from sites
at which the fines content is greater and would lead to more significant corrections to conc

tip resistance would be useful to confirm how well the integrated CPT method estimates
CRR in siltier sands.

3.8 Other Methods of Estimating CRR

Olsen and Malone (1988), Olsen and Koester (1995) and Suzuki et al. (1995) have also
suggested integrated methods to estimate the CRR of sandy soils dircctly from the CPT.
The correlations are presented in the form of soil type behaviour charts with contours of
CRR. The Olsen and Koester (1995) method (see Figure 3-14) is based on SPT-CPT
conversions plus some laboratory CRR data. The Suzuki et al. (1995) mcthod (sce
Figure 3-15) is based on field observation data. Note that the Olscen and Koester (1995)
method has truly normalized the corrected q¢; by dividing it by atmospheric pressurc
(typically taken as 100 kPa = 0.1 MPa), resulting in a dimensionless tcrm, whercas
Suzuki et al (1995) presented results in MPa. When (¢ is expressed in units of MPa, the
normalized value is therefore approximately ten times larger in magnitude.

The method described here is based on field observations and is similar to those of Olscn
and Koester (1995) and Suzuki et al. (1995), but has the advantage that the process has
been broken down into its individual components (see Equations 3-2 to 3-5). This allows
for the incorporation of site specific correlations when applying the method. Figure 3-16
summarizes the components of the integrated CPT method recommended here by
presenting contours of estimated CRR on the soil classification chart by Robertson (1990).
Note that the cone tip resistance in Figure 3-16 is expressed as Q (sce Equation 3-4); for
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vertical effective stresses close to 100 kPa, the value of Q is essentially the same as the
normalized qcj used by Olsen and Koester (1995). The contours of estimated CRR were
determined by combining Equations 3-2 to 3-5. Note that the contours of estimated CRK
are generally cut off in zone 4 (silt mixtures). Beyond this zone, soil plasticity can have a
significant effect on cyclic resistance. For CPT data falling within zone 4, soil plasticity
should be evaluated in order to determine its effect on CRR. The integrated CPT method
proposed here does not incorporate the effects of soil plasticity. Consequently, it does not
apply to zone 3 (clays) where the effects of soil plasticity can be significant. Contours of
estimated fines content are also presented, based on combining Equations 3-4 and 3-5.
Comparing Figure 3-16 to Figures 3-14 and 3-15 illustrates that, in general, the
predictions of CRR using the method proposed here are more conservative than either the
Olsen and Koester (1995) method or the Suzuki et al. (1995) method, particularly for
sandy soils with fines. The chart in Figure 3-16 is primarily shown for illustrative
purposes.

CRR can also be estimated from shear wave velocity measurements. Figure 3-17a presents
a correlation between corrected shear wave velocity, Vsi, and CRR developed by
Robertson et al. (1992), based on limited field performance data. Tokimatsu et al. (1991)
suggested a similar chart based on laboratory results. Kayen et al. (1992) and
Lodge (1994) modified the chart proposed by Robertson et al. (1992), based on additional
field data. A comparison of the methods by Robertson et al. (1992), Kayen et al. (1992)
and Lodge (1994) is presented in Figure 3-17b. Based on discussions at the recent
NCEER Workshop (1996), use of a relationship between V51 and CRR similar to that by
Lodge (1994) has been recommended. Note that the correlations in Figure 3-17b have
bcen shown down to a CRR of only about 0.1. It would be expected that below
CKR=0.1, the relationships would become much flatter. The correlations are empirical
and, again, there is uncertainty over the degree of conservatism that they contain because of
the methods used to select the representative values of shear wave velocity for the various
case histories. A detailed review of the shear wave velocity data, similar to that carried out
by Fear and McRoberts (1995) on SPT data would be required to investigate the degree of
conservatism contained in Figure 3-17. The same limitations as to the applicability of the
correlation apply as for the SPT and CPT, due to the type of the case records contained in
the database. At present, the integrated CPT approach is more reliable than the shear wave
velocity method. The shear wave velocity database is limited and the profiles of shear
wave velocity, although they are step functions, are not truly continuous in nature. Shear
wave velocity intervals are typically in the order of 1 m which may average out some of the
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low shear wave velocity regions associated with looser sand.

3.9 Correction for Thin Sand Layers

Interpretation of the CPT tip resistance can be difficult in thin sand layers embedded in
softer (e.g. clay) deposits. As the CPT cone penetrates the ground, it is influenced both by
the soil ahead of it and behind it. Therefore, the measured cone resistance will start to
change before it reaches a new soil, as the cone begins to sense a soil ahead of itself. The
cone will also continue to sense the original soil for a certain distance into a new soil. The
result is that, in thinly interbedded soils, the measured cone resistance may not reach the
true value that would be measured in a given layer if the layer were thicker. The cone can
respond more fully in thin soft layers than in thin stiff layers because, in soft soils, the
diameter of the sphere of influence is as small as 2 to 3 cone diameters, whereas, in stiff
soils, it can be up to 20 cone diameters. The measured cuone resistance in thin sand layers
embedded in soft clay may underpredict the true resistan. e cf the sand. This can have a

significant irapact on the estimated CRR and, thus, the cyclic liquefaction potential of the
layer.

Vreugdenhil et al. (1994) have shown that the error in the measured cone resistance in a
thin stiff layer (soil A, a sand) is a function of the thickness of the layecr as well as the
stiffness of the layer relative to the surrounding softer soil (soil B, a fine grained soil). The
relative stiffness of soil A to soil B is related to the relative measured cone resistance
(qcA/qeB)- Figure 3-18 presents a suggested correction factor to cone resistance (K¢) as a
function of the layer thickness. The corrections have a rcasonable trend, but are large. The
recommended conservative correction indicated in Figure 3-18 corresponds to qcA/qeB=2
and is given by the following equation:

H
[3-8] Ke=0.5 (3500 - 1.45)2 + 1.0
where:
qcA/qcB =2 , _
H = layer thickness, in mm
dcA = tip resistance in the sand layer
qcB = tip resistance in the fine grained soil surrounding the layer.

When CPT data are plotted on a soil classification chart such as that by Robertson (1990)
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shown in Figure 3-6, thin sand layers embedded in soft clay deposits are often incorrectly
classified as silty sands as a result of the measured cone tip resistance being lower than the
actual full value for the sand if it were a thicker layer. Classification of such soil layers can
be improved if a correction such as K¢ is applied to the cone resistance before the soil
classification charts are applied.

It is interesting to note, however, that the drainage conditions for a thin sand layer
embedded in a soft clay are quite different than a thicker deposit of the very same sand.
Further studies could be conducted to investigate the effect of restricted drainage conditions
on the CRR of a thin sand layer embedded in a soft clay, as compared to the CRR of
similar, but thicker, sand deposits. Such studies could help investigate the applicability of
the Robertson and Campanella (1985) correlation between CRR and (qc1)cs, as given in
Equation 3-2, to thin sand layers after the cone tip resistance is corrected as suggested in
Equation 3-8.

3.10 Conclusions and Recommendations

A framework has been proposed for estimating the CRR directly from the CPT, by first
estimating soil behaviour type (as represented by I¢), then estimating fines content, next
estimating the required correction to tip resistance to obtain an equivalent clean sand tip
resistance and finally, estimating CRR using the relationship proposed by Robertson and
Campanclla (1985). Recent field performance data summarized by Stark and Olson (1995)
and SuzuKi et al. (1995) have confirmed this relationship. Corrections should be made to
thin sand layers embedded in thick surrounding clay layers. If undisturbed sampling and
testing are within the scope of the project (i.e. for a high risk project), the test results can be
compared with the estimated CRR profile for the site, in order to modify the individual
components of the CPT method to suit site-specific conditions. If the project is low risk in
nature, or for initial site screening of a high risk project site, the integrated CPT method, as
proposed here, can be applied directly. For moderate risk projects, the correction for fines
content can be modified on a site specific basis.

Cyclic softening (liquefaction) potential can then be estimated by comparing the CRR
profile with the CSR profile corresponding to the design earthquake, estimated using
Equation 3-1. Zones in which CRR<CSR are predicted to be susceptible to cyclic
softening (liquefaction). As discussed above, the Robertson and Campanella (1985) may
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contain some degree of conservatism, based on the methods used to select representative
values of qc; for the case records (i.e. generally average values). Therefore, if only limited
thin layers (of minimum qc1) are predicted to liquefy, the site should be investigated more
carefully. Finally, in regions in which cyclic softening (liquefaction) is predicted, methods
such as those proposed by Ishihara (1993), as shown in Figure 3-10, can be used to
estimate volumetric and shear strains at the site. These can be integrated to estimate
permanent post-liquefaction settlements and horizontal displacements. In the casc of
slightly sloping ground, methods such as those proposed by Bartlett and Youd (1995) can
be used to estimate deformations associated with lateral spreading.
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Table 3-1:

Boundaries of soil behaviour type

Soil Behaviour Type Zone Soil Behaviour Type
Index, I¢ (see_Figure 1-27)

Ic <131 7 Gravelly sand
1.31 <Ic<2.05 6 Sands: clean sand to silty sand
2.05<lIc<2.60 5 Sand Mixtures: silty sand to saiidy silt
2.60 <Ic <295 4 Silt Mixtures: clayey silt to silty clay
295 <Ic<3.60 3 Clavs

Ic>3.60 2 Organic soils: peats
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Table 3-2: Correction factors for influence of earthquake magnitude
on cyclic resistance ratio (after Seed et al., 1985)

“ Earthquake No. of representative 'm = ((;:]l:]l: ::g:: n:%«—g
Magnitude, M cycles at 0.65 Tmax
8.5 26 0.89
7.5 15 1.0
6.75 10 1.13
6 5t06 1.32
5.25 2103 1.5
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Figure 3-6 CPT soil behaviour type chart (modified from Robertson, 1990).
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Figure 3-10 Post cyclic liquefaction volumetric and horizontal strain curves using CPT
or SPT results (modified from Ishihara, 1993).
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CHAPTER 4

A FRAMEWORK FOR EVALUATING FLOW LIQUEFACTION
POTENTIAL AND UNDRAINED RESPONSE BASED ON BOTH

LABORATORY AND IN-SITU TESTING!.2

4.1 Introduction

Flow liquefaction can occur only in strain-softening soils. If sufficient matenal
strain-softens and the driving stresses are greater than the ultimate undrained strength, flow
liquefaction can lead to large deformations. Figure 4-1 illustrates how the response of a
sand under undrained monotonic loading is a function of the initial statc of the materal
relative to the ultimate state line (USL). If the initial state of the sand is sufficiently loose,
the material will strain-soften directly to ultimate state; this is the definition of 1low
liquefaction. If the initial state of the sand is sufficiently dense, the material wiil
strain-harden directly to ultimate state; such material cannot experience flow liquefaction,
but may be susceptible to cyclic softening (liquefaction) depending on the size and duration
of cyclic loading. Limited strain-softening (LSS) can occur when the initial state of the
sand is close to the ultimate state line. Such material will experience a temporary loss 1n
strength as it strain-softens to a quasi-steady state (QSS) before strain-hardening to ultimate
state. As long as the strains that occur while the material is passing through the QSS
(minimum strength) point are small, this type of soil response would be expected to resuli
in only limited deformations, not catastrophic flowslides. However, this is an arca of
coiiii~aing research; further studies are required to investigate the in-situ importance of the
QSS point observed in the laboratory. From studies on Toyoura sand, Ishihara (19%3)
concluded that every type of sand has a unique ultimate state (in terms of void ratio nd
mean normal effective stress) at large strains, which is independent of drainage conditions
and initial soil fabric, but that the QSS is a function of both the initial state and soil fabric.

Figure 4-1 illustrates how a strain-softening response can be triggered by monotonic
undrained loading. However, this is only one type of trigger than can lead to such a

1 A version of part of this chapter has been published. Fear, C.E., Roberison, P.K., Hofmann. B.A.,
Sego, D.C., Campanella, R.G., Byrne, P.M., Davies, M.P., Konrad, J.-M., Kiipper, A., List, B.R., and
Youd, L. 1995. Summary of CANLEX Phase | Site Characterization, Proc. of the 48th Canadian
Geotechnical Conference, Vancouver, B.C., 331-340.

2 A version of part of this chapter has been published. Robertson, P.K. and Fear, C.E. 1995.
Liquefaction of sands and its evaluation, Proceedings of IS Tokyo ‘95, First International Conference on
Earthquake Geotechnical Engineering, Keynote Lecture.
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response if the state of the soil is sufficiently loose. A strain-softening response can also
be triggered by undrained cyclic loading, a g=constant stress path and even drained
loading, as long as the stress path leads to the collapse surface, as indicated in Figure 4-1.
Once the collapse surface is reached, the material will strain-soften to ultimate state. This
chapter examines methods for determiring flow liquefaction potential based on in-situ
testing and presents a framework for linking the in-situ state with the estimated responsc.
Undrained monotonic loading is examined in particular, because undrained monotonic
triaxial tests (compression and extension) were performed at each of the Canadian
Liquefaction Experiment (CANLEX) sites. Additional details regarding one of the
CANLEX sites illustrating the link between laboratory response and field predictions will
be presented in Chapter 8.

4.2 Void Ratio Interpretations from In-Situ Testing

‘The first step in any liquefaction analysis should be to estimate the in-situ state of the soil to
determine if flow liquefaction is possible (i.e. if the soil is strain-softening in undraincd
shear). Void ratio is an important component of soil state and is a key factor that affects the
responsc of a sand to either undrained monotonic or cyclic loading. When truly
undisturbed samples of sand are obtained from the field (e.g. using ground freezing
techniques), it is possible to measure the total void ratio of each sample in the laboratory.
Howecver, it is not always possible to obtain undisturbed samples and interpreting void
ratio profiles from in-situ testing provides an alternative approach. The CANLEX sites are
unique in that the interpreted void ratio profiles can be compared directly with the measured
void ratios of the frozen samples. Additional details will be given in Chapter 8.

4.2.1 Conventional methods

Figurc 4-2 presents a flowchart outlining the various in-situ tests and the conventional
methods of estimating in-situ void ratio from the CPT, SPT, Vg measurements and
geophysical logging. Methods for interpreting the CPT and SPT are conventionally based
on estimating relative density using empirical formulae and then estimating void ratio using

emax and emin. The shear wave velocity and geophysical methods estimate void ratio
directly.
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a) CPT

The conventional interpretation of void ratio from the CPT for unaged. uncemented sands
follows the work by Baldi et al. (1986), as shown in Figurc 4-3. This method consists of
first estimating profiles of relative density (Dy) using the following relationship:

= (A
[4-1] D= () (e o5er)

where:

qc = measured cone tip resistance
ov'= vertical effective stress

Co, C1 and C2 = material constants

The relationship given by Equation 4-1 was developed for Ticino sand, based on
calibration chamber studies by Baldi et al. (1986). Ticino sand consists of approximatcly
95% quartz and 5% feldspar, with an average fines content of lcss than 5%. Index
parameters for Ticino sand are as follows: emax=0.89, cmin=0.52, G:=2.67, and
Cu = 1.13 (Dgo/D10 = 0.65/0.40). If the sand to be analyzed has grain characteristics
similar to those of Ticino sand, the values of material constants given in Figurc 4-3 can be
selected, as follows: Cg=157, C1=0.55 and C2=2.41 (applicable for K;=0.45). Void ratio
profiles can then be estimated, based on the estimated profiles of Dy, the values of ey and
emin, and the following equation:

{4-2] € = €max - Dr (€max - €min)

b) SPT

The conventional interpretation of void ratio from the SPT for unaged, uncemented sands
follows the work by Skempton (1986). This method consists of first estimating profiles of
Dy using the following relationship:

(N1e0
4_3 ——————
[4-3] D, 2 constant

Most sites at which flow liquefaction is an issue consist of loose young sands. When
applying Equation 4-3 to such sites, a constant of 40 can be selected as being representative
of loose, young sands. Void ratio profiles can then be estimated, based on the estimated
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profiles of Dy, the values of emax and enin, and Equation 4-2.
c¢) Shear wave velocity

Cunning et al. (1995) found that the primary factors controlling values of measured shear
wave velocity for unaged, uncemented sands was void ratio and stress level. When shear
wave velocity measurements were corrected for effective overburden pressure (i.e. Vsi),
Cunning et al. (1995) found that Vg and void ratio were related as illustrated in Figure 4-4
and given by the following equation:

[4-4] Vs1 = (A - Be) K, 0125

where:

A and B = constants for a given sand

e = void ratio

Ko = coefficient of earth pressure at rest (from self-boring pressuremeter interpretation)
Vi1 is in m/s and given by the following equation:

0.25
[4-5] Vor = Vs (22)
where:
Vi1 = corrected shear wave velocity
Vs = measured shear wave velocity
F. = atmospheric pressure, typically 100 kPa
o' = vertical effective stress, in kPa.

The shear wave velocity method is attractive because, for a given Ko, it estimates void ratio
directly, rather than first estimating Dg; however, there is scatter in the correlation (see
Figure 4-4) as the data tend to fall within a band. Global values of A and B can be used to
describe this band; alternatively, specific values of A and B can be estimated for each
individual sand. The Dbased methods of interpreting the CPT and SPT depend on emin
and emax to estimate void ratio. The validity of these terms are sometimes questionable,
particularly in silty sands, which can result in difficulties in interpreting void ratio. In
addition, the correlations based on penetration resistance from the SPT and CPT are
affected by other factors such as soil compressibility. Shear wave velocity, on the other
hand, is little influenced by factors such as soil compressibility.

Figure 4-4 was prepared by measuring shear wave velocity in the laboratory using bender
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elements during different stages of isotropic consolidation (i.e. Ko=1.0) of reconstituted
samples. The data all fit within a band, suggesting that global values of A and B apply to
all sands. However, for an individual sand, the parameters A and B arc estimated by fitting
a line to the data for the particular sand. It is important to note that because A and B arc
estimated from laboratory testing of reconstituted samples, the relationship given in
Equation 4-4 is applicable only to voung, recently deposited uncemented sands. However,
many real deposits of sand arc old and have experienced aging cffects. Superimposed on
Figure 4-4 are values of V], as measured in the field, and corresponding average valucs of
void ratio for the Phase I and Phase II CANLEX sites. It is not completcly corrcct to
directly compare the field (Ko=0.5) and laboratory data (Ko=1) on the same plot because of

the difference in K, conditions (see Equation 4-4). Howecever, the resulting error is
typically less than 10%.

Based on Figure 4-4, Robertson et al. (1995) suggested that aging has the effect of
increasing the measured shear wave velocity for a given void ratio and proposed a
correlation between aging and the difference in Vg; measured in the field as compared to
laboratory values for unaged sand. This correlation is shown in Figurc 4-5; the
relationship is tentative and, as additional data becomes available, could be modificd. Since
the relationship between Vj; and void ratio (as given in Equation 4-4) is approximately
linear for a given Kqover typical ranges of void ratio, the change in measured Vi in the
field due to aging can be incorporated as a correction added to the parameter A (as
determined in the laboratory) in Equation 4-4. This, in essence, shifts the relationship
between V) and void ratio upwards on the plot in Figure 4-4, so that for a measured Vy,
void ratio in the field is not underpredicted. Aging also has a small effect on pencetration
resistance from the CPT and SPT (Skempton, 1986; Kulhawy and Maync, 1990).

d} Geophysical logging

Geophysical logging can also be used to direcily estimate void ratio. In simple terms, the
following relationship can be used:

_(Gs - pv)
[4-61 € =o- D
where:

G = specific gravity of the soil
pb = corrected bulk density of the soil.
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The corrected bulk density of the soil can be determined from the results of geophysical
logging using modified geophysical interpretations proposed by Plewes et al. (1988).

4.2.2 Correlations between in-situ tests

Comparisons between in-situ test methods are useful for examining for consistency
between test signatures. Conversion factors between in-situ tests can also be used to
convert one type of in-situ test signature to the equivalent signature of another type of
in-situ test. This can allow for estimation of void ratios from the SPT or CPT using a
direct void ratio method rather than a conventional D-method. Comparisons between the
CPT, SPT and V; profiles in the target zone were made and the appropriate conversion
factors between in-situ tests were estimated.

In order to compare the various in-situ test signatures, the results should first be corrected
for effective overburden pressure. The measured shear wave velocity, Vs, should be
corrected to Vg; using Equation 4-5. The measured CPT tip resistance, qc, should be
corrected for effective overburden stress using the following equation:

0.5

[4-7] Ge1 = g (22)
A

where:
qcl = corrected tip resistance
qdc = measured tip resistance
Py = atmospheric pressure, typically 100 kPa
oy’ = vertical effective stress, in kPa.

The measured SPT N-value should be corrected for effective overburden stress and energy
effects using the following equation:

(48] (Npeo=N (2" ()

where:
(N1)eo = corrected tip resistance
= measured tip resistance

Py = atmospheric pressure, typically 100 kPa
o' = vertical effective stress, in kPa
ER = measured energy ratio, in percent.
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The conventional conversion between corrected SPT and corrected CPT is in terms of the
ratio qc1/(N1)6o- This ratio is a function of the soil type and typically has values ranging
from 0.3 to 0.6 (when qc) is in MPa), corresponding to soil types ranging from sandy silts
to gravelly sands, respectively.

Based on earlier work by Robertson et al. (1992), the relationship betwecen corrected shear
wave velocity and corrected CPT tip resistance can be approximated by the following
equation (see Chapter S as well):

Vo 4
[4-9] ae1 = (%1)
where:
qcl = corrected tip resistance, as given in Equation 4-7, in MPa
Vs1 = corrected shear wave velocity, as given in Equation 4-5, in m/s
Y = conversion factor between CPT and Vg, in (m/s)/(MPa)0.25,

Robertson et al. (1995) looked at various sands, including Fraser River sand, and
investigated the effects of compressibility (represented by the slope of the ultimate state linc
(USL), Aln) on the value of Y, as indicated in Figurc 4-6. Therc appcars to be a
relationship (which is influenced by aging) bectween ¥ and Aj,. Incrcasing the
compressibility of a sand decreases the measured q¢1, while having little effcct on the
measured V1. Values of Y appear to range from approximately 90 for relatively
incompressible sands to 140 for compressible sands. Aging appears to have a greater
effect on the measured Vi, but little effect on the measured qcj, with the result being that Y
increases with age (Robertson et al., 1995).

Based on a modified version of the work by Yoshida et al (1988), a similar rclationship can
be developed between corrected shear wave velocity and corrected SPT blowcount as
follows (see Chapter 5 as well):

Vs1 )4
[4-10] peo= (Y1)
where:
(N1)eo = corrected SPT blowcount, as given in Equation 4-8
Vs1 = corrected shear wave velocity, as given in Equation 4-5, in m/s
X = conversion factor between SPT and Vg, in 1/(MPa)0-25,

124



Note that, theoretically, the ratio (X/Y)* should equal to the ratio qc1/(N1)eéo. Small
differences between the field estimated average (X/Y )4 and average qc1/(Nj)e6o in a soil
deposit at a given site would be expected due to the different intervals over which the
various terms are estimated and averaged. Shear wave velocity measurements are typically
step functions averaged over 1 m intervals, SPT measurements reflect a 1 foot (30 cm)
interval and are usually measured at a depth of every 5 feet, while CPT measurements
provide an essentially continuous profile, with measurements typically taken every few
centimetres.

4.2.3 Shear wave velocity based method

As discussed previously, the shear wave velocity method provides a direct estimate of void
ratio. The conventional CPT or SPT methods are indirect and are sensitive to the values of
emin and emax as well as soil compressibility. However, combining Equation 4-4 (which
links V) and void ratio) with the conversion factors Y and X (as defined in Equations 4-9
and 4-10) allows for more direct methods of interpreting void ratio from the CPT and SPT,
respectively. The advantage of using the CPT is that its continuous nature allows for a
more detailed profile of estimated void ratio within a given soil deposit.

Combining Equations 4-4 and 4-9 results in the following equation which allows for direct
estimates of void ratio to be made based on profiles of CPT q¢; without having to first
estimate Dy

- Be) K 0-125 .4
(a-Byro

[4-11] Qcl =
Likewisc, combining Equations 4-4 and 4-10 results in the following equation which
allows for direct estimates of void ratio to be made based on proiiles of SPT (N)eo
without having to first estimate Dy:

e)K 0125 )4

[4-12] (Npeo= (LB

Both the conventional and shear-wave velocity methods of interpreting void ratio from the
CPT and SPT will be applied to one of the CANLEX sites and the results will be compared
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in Chapter 8. Void ratio can also be estimated from the CPT based on state parameter,
(Been and Jefferies, 1992). However, a knowledge of the ultimate state linc is required to
convert state parameter to void ratio. Details of this approach are given in the next scction.

4.3 General Concepts of the Proposed Framework

4.3.1 Critical state soil mechanics

Considerable evidence suggests that the response of sands can be described within a critical
state framework similar to that applied to clay soils (e.g. Atkinson, 1993; Coop ct al.,
1995). The collapse surface approach (Sladen et al., 1985a) to flow liGuefaction analysis
resides within a critical state soil mechanics framework. The ultimate state line (USL) for a
given sand and a given direction of loading (e.g. triaxial compression or triaxial extension)
can be plotted in p'-g-e space (see Figure 4-7a), where e is void ratic and p' (mean normal
effective stress) and q (deviator stress) are defined as follows:

[4-13] P =501 +203)
[4-14] q=oy- o3

The USL is controlled by the grain characteristics of the soil. Along the USL, q and p' arc
related by M, which is a function of friction angle and direction of loading. Theorctical
values of M for triaxial compression (Mc) and triaxial extension (Mj:) arc given by the
foliesw 1pg equations (Wood, 1990):

6sind’yg

{4-15] Mc = (qus/Pus)C = I singus
. 6sing’

[4-16] ME = (qus/Pus)E = m&;

where:

¢'us = ultimate state friction angle.

When the USL in p'-g-e space is projected onto the e-p' planc and the p' axis is plotied on
a logarithmic scale, the USL. can be approximated as a straight linc over a given stress
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range (see Figure 4-7b). Been et al. (1991) showed that, in the e-p' plane
critical state are the same condition and are independent of the stress path
this ultimate state. Therefore, the various USLs in p'-q-e space project ¢
in the e-p' plane. In theory, the USL in the e-p' plane can be defined o
range by two parameters, I' and Njp. T is the void ratio on the USL at p
the slope of the USL when the p' axis is plotted on a natural logarithm s
the e-In p' plane is therefore defined as follows:

[4-17] e=TI-Apln(p)

However, p' may not be the correct stress invariant to use. Eventually
suitable to simply use the Mohr-Coulomb failure criterion (which is ir
intermediate principal stress), as previously suggested by Casagrande

1975). Nevertheless, proceeding with the use of p', in e-p' space, soils
loose of the USL could strain soften at large strains, while soils dense «
strain harden at large strains. Soils that have initial void ratios close to tk
limited strain softening (LLSS) response to monotonic loading, in that the)
to a quasi-steady-state (QSS) before eventually, at large strains, dilatin;
(US) (see Figure 4-1). For some sands, very large strains are required tc
some cascs, conventional triaxial equipment may not reach these large str

The response of a sand in undrained monotonic loading is a function
Figure 4-8 illustrates that, in addition to void ratio (e) and initial mear
stress (p'i). several other factors will also influence the response of :
direction of loading (e.g. triaxial compression versus triaxial extension),
fabric, aging, cementation), soil compressibil:ty, and initial deviato
desirable to eliminate one or more of the factors in order to observe the ¢
major factors. Void ratio and p'j can be combined in terms of state
proposed by Been and Jefferies (1985), based on earlier work
Bassett (1965), relative to a reference ultimate state line (USL) in e-In
difference between the initial void ratio of the sample and the void rati
USL at the same value of p', eys (see Figure 4-7b), as given by the follo'

[4-18] W=e-eys=¢-[I-Npln(p)]

When W=0, the initial state of the soil falls on the USL, in e-p' space. ¢
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b) Been and Jefferies (1992)

Based on critical state soil mechanics theory outlined above, state parameter () could be a
useful indicator of flow liquefaction potential, provided there is a reliable method of
predicting its value within a soil deposit. Been ar.d Jeffeiies (1992) developed a method,
based on earlier work by Been and Jefferies (1985) and Been et al. (1987), for estimating
the state parameter of a soil deposit, directly from the CPT, based on calibration chamber
testing. Some uncertainty exists over the corrections made for chamber size effects. In
particular, since the correlations were determined mostly by tcsting relatively dense sand,
for which large corrections had to be made, and the resulting correlations were extrapolated
into the range of loose sands, there is uncertainty in the resulting correlations for loose
sands. In addition, Sladen (1989) questioned the uniqueness of the relationship between W
and normatized CPT penetration resistance proposed by Been aiid Jefferies (1987) and
suggested that stress effects had not been properly accounted for in the proposed

relationship.

Nevertheless, different soil types were examined by Been and Jefferies (1992) and the
estimation of ¥ was found to be a function of the friction angle (i.e. M) and the slope of
the USL. (Mog) of the sand deposit, as shown in Figure 4-10. The following equation was
proposed to estimate W

[4-20] q* =k*exp(-m*¥)
where:

[4-21] q" =Qp/(1 - By)

[4-22 Qp = (qc - Po)/Po
[4-23] k* =M (3 + 0.85/Nog)
[4-24] m* = 11.9 - 13.3Nog

Note that Ajog is the slope of the USL in e-p' space, when the p' axis is plotted on a
logarithm base 10 scale; Nyog= 2.302My. It is very important, when comparing values of A
for various sands to be consistent in how A is defined. The vaiue of Bq is typically very
close to zero in sandy soils. Therefore, g* and Qp can be considered to be equal in sandy
soils, without significant error. The work was based on consideration of loading in triaxial
compression; therefore M can be taken as equal to Mc.
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In Thapter 8, this set of equations is applied to the CPT data at onc of the CANLEX sites,
for comparison with other methods of evaluating state. Been and Jefferies (1992)
proposed that W=0 represented the dividing line between material that could liquefy and
that which could not.

c) Plewes et al. (1992)

Plewes et al. (1992) expanded upon the work by Been et al. (1987) by estimating contours
of state parameter directly on the CPT soil classification chart as proposed by Jefferies and
Davies (1991), as shown in Figure 4-11. Notc that this soi! classification chart normalizes
cone tip resistance in a linear manner using mean normal stresses (p and p') rather than
vertical stresses (oy and oy') as in the soil classification chart by Robertson (1990) that was
used for the integrated CPT method in Chapter 3; i.e. Qp (see Equation 4-22) rather than Q.
CPT field data (in terms of normalized cone tip resistance and slecve friction) can be
superimposed on this figure in order to estimate the in-situ statc of a sandy deposit. Soils
with >0 are considered to be susceptible to liquefaction, given a suitable trigger
mechanism.

4.3.3 Reference stress ratio (RSR) approach

State parameter, if estimated accurately, is onc method for estimating the potential for flow
liquefaction. However, the applicability of ¥ is limited predominantly to estimating the
dividing line between states which are susceptible to flow liquefaction (i.c. W>0) and thosc
which are not (i.e. ¥<0), over a limited stress range in a single sand deposit. The actual
value of ¥ can not be correlated to response of a sand to monotonic andrained loading
when dealing with either a large stress range in onc sand or when trying to comparc
different sands. For a single straight reference USL in c-In p' space (i.c. constant Ajy),
samples with constant values of W would have similar undrained responscs. However, in
general, the USL for any given sand is curved (Ishihara, 1993; Sasitharan ct al. 1994) and
the slope, Aip, increases with increasing p'. Even in the same stress range, different sands
have different USLs with different values of Aj;. As shown in Figure 4-12, two sands
may have the same state parameter relative to their individual USLs, but bchave very
differently in undrained shear, as a result of the different 24, value associated with cach
USL. The sand with the flatter USL will respond in a more brittlc manner and will have a
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lower ultimate shear strength. Therefore, a constant value of W does not imply similar
responses ir: undrained loading for a given stress path due to the changing value of M.

An alternative measure of the initial state of a sample, which encompasses the effects of
Alp. is the ratio py/p‘us (see Figure 4-12) where p} is the initial mean normal effective
stress of the sample and p'ys is the value of p' on the reference USL at the same void ratio.
In e-In p' space, W and p'i/p'ys are related by the slope of the USL, Ayp, as follows:

[4-25] -2'— = exp ({f_) = Reference Stress Ratio (RSR)
Pus In

Note that when RSR=1, ¥=0. The slope of the USL, A}y, is related to the grain
characteristics of the material. The grain characteristics influence the compressibility of the
sand skeleton. Thus, by combining e, p' and compressibility, the impact of the other
factors such as direction of loading, structure and stress anisotropy can be examined more
easily. Under a given direction of undrained monotonic loading, samples with the same
soil structure and consolidation stress state and with the same value of RSR would be
expected to respond in the same way (Sladen et al. 1985a). Identifying initial state by RSR
relative 1o a selected reference USL provides a consistent framework that can be extended
to other sands which have different Usis with different values of Ajy. In Chapter 8-, this
ratio is used at one of the CANLEX sites to characterize Fraser River sand. In general, as
RSR increases, a material is weaker and more brittle in response, when loaded undrained.

The concepts introduced here are not new, but rather, draw on the ideas of other
researchers, as reported in the literature. Based on Mohr-Coulomb failure criteria,
Casagrandc (e.g. Casagrande, 1975) suggested characterizing a sand by a ratio between the
initial effective confining pressure (0'3) and that at the liquefied state. Sladen et al. (1985a)
proposed a relationship between brittleness index (one aspect of response) and RSR for
Nerlerk sand with various fines contents and Leighton Buzzard sand, suggesting that
"brittleness inde: is a reasonably unique function of initial p'/p'us for all sands and hence
of state parameter for a given sand". McRoberts and Sladen (1992) suggested plotting
laboratory stress path results in terms of q/p'ys and p'/p'ys to compare different tests.
Cuccovillo and Coop (1993) plotted stress paths for triaxial compression tests on intact
calcarcnite in this manner. The ratio p'/p'ys represented a measure of the state of the soil
relative to its ultimate state. Ishihara (1993) proposed a similar type of reference stress
ratio, which he termed "initial state ratio” (r¢), relating the initial state of a soil to the quasi
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steady state (QSS) line in terms of the initial consolidation p' and the stress on the QSS linc
(p's), at the same void ratio. Ishihara {1993} noted that "this ratio is a parameter of prime
importance for characterizing the undrained behaviour of sand".

It is interesting to note that the RSR concept for characterizing the state of sand is not unlike
the method used to define state for clay. Overconsolidation ratio (OCR) can bc cxpressed
as the stress ratio relating the current p' to the maximum past p'. The only difference
between RSR and OCR is that the latter is referenced to the virgin consolidation line, while
the former is referenced to the USL because individual sands do not have uniquc
consolidation lines. With increasing OCR, a clay becomes stronger and responds in a less
brittle manner, when loaded undrained. Two samples of clay with the same OCR arc
expected to respond in a similar manner. OCR for a clay can be converted to RSR, based

on the relationship between isotropic OCR and state paramcter proposed by Plewes ct al.
(1992), as follows:

[4-26] log (RSR) = H\p‘gz log(r) - Alog(OCR)

The term 1 represents the spacing between the USL and the virgin consolidation linc and A
is the critical state plastic hardening ratio. For most clays, r = 2.3 and A = 0.8

(Plewes et al., 1992). The RSR concept is, therefore, a global approach that could be
applied to both sands and clays.

4.4 Application of the Proposed Framework

4.4.1 Field determination of RSR

Figure 4-13 (a modified version of Figure 4-2) outlines the various in-situ tests and the
direct methods of estimating void ratio from the CPT, SPT, shcar wave velocity
measurements and geophysical logs, as explained carlier in this report. Notc that the
method of estimating void ratio for the SPT and CPT shown in Figurc 4-13, is the
Vs-based method. However, any reliable method of estimating void ratio from in-situ
testing could be used. Once in-situ void ratios and stress conditions are estimated, in-situ
profiles of RSR relative to the reference USL can be estimated. Following the flowchart in
reverse, profiles of CPT, SPT, V or geophysical void ratios that represent an RSR of ]
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could be back-calculated and superimposed over raw field logs. In-situ state (as estimated
by in-situ testing) could then be compared to the reference USL (which, by definition,
corresponds to RSR=1).

4.4.2 Laboratory determination of RSR

Figure 4-14 presents a flowchart outlining the various methods of preparing reconstituted
samples and testing in the laboratory. Moist tamped samples tend to be looser for the same
stress conditions and thus have higher values of RSR than water pluviated samples. Air
pluviated samples have intermediate values of RSR. The magnitude of RSR, consolidation
state (hydrostatic or Ko), soil structure and direction of loading govern the observed
stress-strain response in terms of brittleness, strength, strain and stress ratio. The same
factors govern the response of undisturbed samples. Triaxial and simple shear tests were
performed at the CANLEX sites (further details for one of the sites are given in Chapter 8);
only methods for interpreting triaxial data are presented here, due to the complexity and
uncertainty of interpretation of simple shear test resuits. It is felt, based on the results of
hollow cylinder testing on samples of Syncrude sand, that triaxial compression and triaxial
extension represent the two loading condition extremes (Vaid et al., 1995). Vaid et al.
(1995) concluded that the response in simple shear would therefore be predicted to fall
between that in triaxial compression and that in triaxial extension.

Previous tests on Syncrude sand as part of Phase I of the CANLEX project (Vaid et al.,
1995) have shown that anisotropically consolidated samples have a different stress-strain
response (o undrained loading than do isotropically consolidated samples. The results
illustrated the importance of testing samples (reconstituted or undisturbed) under the in-situ
Ko conditions. Studies reported by Georgiannou et al. (1990) resulted in similar
conclusions. Anisotropic stress states that model in-situ conditions in loose sand
(Ko = 0.5, based on the CANLEX test sites) have the effect of preloading a sample in
compression. Therefore, less additional load is required for failure in compression that in
extension. In extensional loading, the sample has to first be unloaded from the initial stress
state before any strain-softening can possibly occur.

Reconstituted samples, even when tested anisotropically, may have different responses to
undrained loading due to different methods of sample preparation. As a result, testing
undisturbed samples that capture the in-situ state not only in terms of density and stress,
but also in terms of soil structure is important. Direction of loading also has an effect on
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the response to undrained loading. Thus, it is also important to test samples under the
direction(s) of loading appropriate to the in-situ conditions. Tests presented in Chapter 8
for one of the CANLEX sites are triaxial compression and extension tests predominantly on
undisturbed samples under anisotropic initiai stress conditions corresponding to Ky=0.5.
However, a few tests were performed on reconstituted samples.

4.4.3 Laboratory responsc

In order to model in-situ sand behaviour, stress-strain relations are required. The
undrained stress-strain response of any sample, when tested in the laboratory, can be
characterized by various components. The key components identified here are: brittleness,
minimum strength, strain jhiat occurs while at minimum strength, strength at the end of the
test (generally represents the ultimate strength), stress ratio (M=q/p’) at peak and at the end
of the test. Figures 4-15 &nd 4-16 illustrate the method of quantifying the various
components of response for triaxial compression and extension, respectively.

Brittleness is defined in terms of the parameter termed brittlcness index (Ig) which is
defined as follows:

[4-27a] Ig =§§—-S—“§i-,9— for triaxial compression
p~ i

[4-27b] g =Sp=Smin for triaxial extension
pt+ Si

where:

Sp = magnitude of the peak shear strength

Smin = magnitude of the minimum shear strength

S; = magnitude of the initial static shear stress.

Note that the formulae for brittleness index are slightly different for triaxial compression
and extension for anisotropic samples (S;> 0) and relate to the increcmental stresses
required to trigger failure from the initial stress state. For isotropic tests (S; = 0), the two
formulae become identical and simplify to the conventional definition of brittleness index
(Bishop, 1971) which was based on isotropic testing. If sufficient straining occurs during
the test, the end of the test represents the ultimate state (US) conditions. If the test does not
experience a QSS, then the minimum strength and the end of test strength arc assumed to
be the same. A brittleness index of zero indicates a material that is strain-hardening.
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Strain-hardening materials have equal peak, minimum and end-of-test strengths. A
brii.’eness index greater than zero indicates a material that either strain-softens directly to
US or experiences limited strain softening to a quasi-steady state (QSS) before dilating to
US. The latter will generally have a smaller brittleness index than the former.

Based on critical state soil mechanics, a theoretical method for estimating the ultimate
undrained shear strength for soils that are susceptible to flow liquefaction was proposed by
Fear and Robertson (1995). Details are given in Chapter 5. However, the basic concept
was that for a soil with a given void ratio, assuming no pore pressure redistribution and
therefore no change in void ratio, the ultimate undrained shear strength (Sys) could be
calculated within the critical state soil mechanics framework. An element of soil will travel
along a stress path in an undrained plane with constant void ratio until it reaches the USL
(see Figures 4-1 and 4-7). The value of p' on the USL (p'ys) at the given void ratio can be
determined from the parameters I" and A}y, using Equation 4-17. The ultimate undrained
shear strength (Sys=0.5 qus) at this point is related to p'ys by M. Fear and Roberisan
(1995) expressed the equation for Sys in terms of state parameter (¥) and Ajy, assuming a
single straight USL. for a given sand over a given stress range (see Chapter 5). A more
global approach, as explained previously, is to make use of RSR which is a function of ¥
and A (see Equation 4-25). Combining all of these relationships gives the following
equation for theoretically estimating the ultimate undrained strength ratio of an element of
soil:

1
RSR

ke

- SUS
4- 8 —
[ - ] p'l

Note that M has different values in compression and extension (see Equations 4-15 and
4-16). Dividing Equation 4-15 by Equation 4-16, it can be concluded that for typical
friction angles, ¢'ys, ranging from 30° to 40°, the value of Mc ranges from 1.40 to 1.54
times the value of Mg. Therefore, this theoretical method would predict approximately
40% to 50% higher ultimate undrained shear strengths in compression than in extension,
for the same RSR. Actual differences between the undrained response in triaxial
compression and extension may also be partially due to the inherent material anisotropy of
sands (Arthur and Menzies, 1972). If pore pressure redistribution occurs in the field,
loosening a sand deposit from its original conditions, this method may overpredict the
ultimate undrained strength.
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For sands that are very loose and strain-soften immediately to ultimate state, the ultimate
undrained strength is the key to estimating the consequences of flow liquefaction in terms
of slope stability and predicting resulting deformations. However, it appecars that many
sandy soils, while not being sufficiently loose to be completely strain-softening, do
demonstrate limited strain-softening. When loaded undrained, these soils strain-sofien
temporarily to a quasi-steady-state (QSS) before dilating to ultimate state. The undrained
strength associated with the QSS point (Smin) can be significantly smaller than the ultimate
undrained strength. Provided that the strains associated with passing through the point of
QSS are small, it could be argued that it is only the final ultimate strength which is of
concern and which is generally large for these soils relative to completely strain-softening
soils. However, the issue of QSS and whether or how to incorporatc it into design
analysis are areas of continuing debate.

For the one CANLEX site given as a worked example in Chapter 8, both Sy,;,/p'o and
Si/p'o are shown for all tests. Sgis the end-of-test strength, which is generally less than or
equal to the ultimate strength (as the stress path may be still moving towards ultimate state
at the end of the test). For tests with a QSS, Snhip is less than Syg; for tests with no QSS,
Smin and Sy are taken to be the same, the end-of-test strength. Based on limited laboratory
results from Phase Il of the CANLEX project, it was found that, on an c-In p' plot, the
QSS points appear to fall approximately along a parallel line to the USL (details arc given in
Chapter 8). As a result, assuming that q and p' are still related by M along the QSS linc
(QSSL), Equation 4-28 can be modified to theoretically estimate the undrained strength
ratio at QSS (Smin/p'i), as follows:

Sus _ M 1

[4-29] Pi -2 (RSK+ ARSKR)

The term ARSR corresponds to the horizontal shift on the e-In p' plot between the USL and
the QSSL. ARSR is computed as the ratio of p' on the USL to p' on the QSSL, at the same
void ratio. Ishihara (1993), based on work on Toyoura sand, stated that a given sand will
havc a unique USL, because the soil is completely remoulded by the time US is recached,
but may have several different QSSLs which are a function of soil fabric and which may or
may not be completely parallel to the USL. Therefore, it can be expected that the QSS
points for reconstituted samples of a given sand may plot differently than those for
undisturbed samples. Conversely, if the QSS points for undisturbed samples from similar
sands at different sites plot similarly, it could be concluded that the two sites have a similar
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soil fabric. It is logical that within any one uniform soil deposit, there could be one soil
fabric and, hence, a unique QSSL.

The theoretical predictions of ultimate undrained strength and strength at QSS will be
compared to the actual values measured in the laboratory on undisturbed and reconstituted
samples at one of the CANLEX sites in Chapter 8.

4.4.4 Linking in-situ characterization and laboratory response

Figure 4-17 outlines the interaction between field characterization of a deposit and the
responsc of samples of sand in the laboratory. Ideally, one would like to characterize a
deposit using in-situ tests such as CPT, SPT, V;, geophysical logging or pressuremeter
testing, and be able to predict the in-situ response to loading. Undisturbed samples, when
tested undrained in the laboratory, will produce a certain response, in terms of brittleness,
strength, strain and stress ratio. The key to linking the observed laboratory response to the
in-situ response is to be able to correlate a particular signature from an in-situ test with
laboratory results for certain initial conditions and thus be able to estimate the in-situ
response. It is postulated that this objective can be achieved by determining the RSR for
each sample, relative to a reference USL in e-In p' space, prior to subjecting the sample to
undrained loading and observing its response. Likewise, the signatures from the CPT,
SPT, V; or geophysical logging can : ¢ -;onverted into profiles of RSR relative to the same
reference USL, using methods outlined in Cunning et al. (1995) and Fear and Robertson
(1995). Therefore, RSR, defined relative to a reference USL, can serve to link field
characterization to laboratory response, for a particular sand.

Chapter 8 compares the observed relationship between the minimum and end-of-test
strength ratio components of response and RSR for undisturbed samples tested in the
laboratory with the theoretical relationships presented in Equations 4-28 and 4-29. In
addition, tentative relationships between the other components of response (brittleness,
axial strain at minimum strength, etc.) and RSR are proposed in Chapter 8 for one of the
CANLEX sites. When laboratory testing for all of the CANLEX sites is completed, it will
be possible to confirm if these relationships between the various components of response
and RSR are general in nature and applicable to a variety of sands. Careful selection of the
reference USL is important if different sands are to be compared.
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4.4.5 Selecting a reference ultimate state line (USL)

There may be significant scatter to data resulting from monotonic triaxial laboratory tests
under different directions of loading (Vaid et al., 1990) and drawing a unique USL for all
of the tested samples may be difficult. However, testing on both Syncrude sand and Fraser
River sand, as part of the CANLEX project, has shown that the data at ultimate state for a
given sand fall within a band. Therefore, the reference USL can be selected as any line
parallel to this band. The critical issue is to use the same reference USL when interpreting

both field and laboratory data in order to provide a consistent link between in-situ test
signatures and response.

Generally, if monotonic tests on loose sands are taken to large enough strains, the end of
each test represents the US condition; however, in some cases, tests may appear to have
been stopped before they had strained sufficiently toreach US. Samples that do recach US
in undrained loading are generally very loose and strain soften without experiencing a QSS
(e.g. reconstituted samples prepared by moist tamping and therefore having high valucs of
RSR). Samples that are denser and experience a QSS are ultimately dilating towards US
when the tests are stopped. Samples that are dilating have a high propensity for porc water
redistribution (i.e. changing void ratio) and/or shear band development. Hecncee,
interpretation of stress, strains and void ratio become unccrtain. In somc cascs, tests
cannot be strained any further due to equipment limitations. The mixturc of samples that
reach US and those which are still moving towards US may partially explain the apparent
observation of a band of data for the end-of-test conditions on an e-ln p' plot. It is
advisable to select the reference USL based on the loosest samples which clearly reach US,
in order to have a reference line that is as close as possible to the true USL (Castro, 1969).

Figure 4-18 presents USLs for a variety of sands as reported in the literaturc and tabulated
by Sasitharan et al. (1994). It is clear from Figure 4-18 that thc USL for most sands
curves at high stresses. Ishihara (1993) also indicated that the USL is curved in naturc.
Approximating a curved USL by a bi-linear relationship is convenient in that the USL can
be broken down into straight line portions over various stress ranges (corresponding to
various void ratio ranges), with each portion having an associated I' and Mp. In order to
estimate RSR for a particular element of soil, the portion of the USL which has a void ratio
range that includes the void ratio of the element must be used as the reference USL. In
other words, the mean normal effective stress of the element, p';, must be divided by the
mean normal effective stress at the same void ratio on this portion of the USL, p'ys, to
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estimate RSR. To determine p'ys, the value of T and Aj, corresponding to the appropriate
portion of the USL must be used.

4.5 Conclusions and Recommendations

This chapter has outlined both existing and new methods of estimating the void ratio and
state of a sandy soil deposit. Conventional methods of estimating state (i.e the method by
Sladen and Hewitt (1989) versus the method by Been and Jefferies (1992)) often give
different conclusions regarding liquefaction potential. In addition, the conventional
methods, although they may give reasonable dividing lines for liquefaction potential, are
not good for estimating the response of a soil to undrained monotonic loading. The
RSR-based framework suggested here allows for a direct estimation of soil response by
linking in-situ characterization with the laboratory response of undisturbed samples. The
framework can be applied on a site-specific basis, but as additional data becomes available,
the ultimate goal of future studgies would be to develop a global method of estimating in-situ
response directly from in-situ testing without the need for undisturbed samples. This
would be useful for low risk projects for which obtaining undisturbed samples is beyond
the project scope and budget or for initial site screening of high risk projects.

Chapter 8 presents a worked example, based on detailed field and laboratory studies at one
of the CANLEX sites, illustrating the step-by-step application of the framework outlined
here and comparing the resulting predictions of void ratio and soil state with the predictions
using existing methods. As will be seen in Chapter 8, the individual components of
responsc clearly appear to be a function of the magnitude of RSR. Tentative relationships
arc given for the CANLEX site presented in the worked example and specific details
regarding the proposed framework and how to apply it are discussed further.

The framework proposed here is capable of estimating flow liquefaction potential and the
subsequent elements of response of a deposit of sand. However, whether a slope or soil
structure will fail and slide depends on a number of factors, including the amount of
strain-softening soil relative to strain-hardening soil, the brittleness of the strain-softening
ground, drainage conditions and the geometry of the ground. Even if a catastrophic failure
can not occur, the magnitude of any deformations that may occur depend on the same
factors. Applying the framework proposed in this chapter is only the first step in a
complete liquefaction analysis. If some material is found to be strain-softening with a
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brittle response to undrained loading, the slope or soil structure must be examined in detail
as a whole, using numerical methods, for example, to estimate the overall stability and
potential deformations that may occur. The most dangerous soils arc those which have a
sufficiently loose state to strain-soften directly to ultimate state in a brittlc manner. In
general, slope failures as a result of flow liquefaction are not common; however, when they
do occur, they can take place rapidly, with little warning, and often catastrophic results.
Consequently, it is important to proceed cautiously when designing against flow
liquefaction, particularly in the case of high risk projects for which the consequences of
failure can be enormous.
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Figure 4-1 Schematic of undrained monotonic behaviour of sand
compression (modified from Robertson, 1994).
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Figure 4-15 Components of undrained response for triaxial compresst
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CHAPTER §

A FRAMEWORK FOR ESTIMATING UNDRAINED SHEAR STRENGTH
BASED ON IN-SITU TESTING!

5.1 Introduction

As outlined in Chapter 4, one of the most important response parameters for flow
liquefaction considerations is the undrained shear strength of the sand. Conducting an
undrained stability analysis of sand, such as for post-liquefaction conditions, requires a
knowledge of the undrained ultimate state shear strength (Su). Provided that liquefaction
will be triggered in a sandy slope, the great difficulty lies in deciding what value of Sy will
best represent the particular conditions in the field. Current practice makes use of
correlations between Sy, and Standard Penetration Test (SPT) or Cone Penetration Test
(CPT) resistance (Seed and Harder, 1990; Robertson, 1990; Stark and Mesri, 1992).

This study presents a framework for estimating Sy, combining critical state soil mechanics
and shear wave velocity measurements, assuming undrained loading with no pore pressure
redistribution. Shear wave velocity measurements are also converted (o equivalent SPT
and CPT penetration resistance. As a result, the uniqueness of each of the current empirical
methods for estimating Sy using field penetration tests is critically examined and the factors
that play a major role in the potential correlations between S, and penetration resistance are
investigated. In this chapter, S, is estimated based on the ultimate state line (USL) for a
given sand and undrained monotonic loading in triaxial compression; however, the same
framework can be used to estimate quasi-steady-state (QSS) strengths or strengths under
other directions of loading (e.g. triaxial extension), as already explained in Chapter 4. In
addition, the same S, will correspond to a given initial state of a soil if flow liquefaction is
triggered by other means, such as by undrained cyclic loading. The term ultimate state is
used in this study; this is synonymous with the terms critical state or steady state, which are
interchangeable, after Been et al. (1991). Note that Syis only applicable to the analysis of
stability related to the phenomenon of flow liquefaction; it is not relevant to the analysis of
deformations resulting from cyclic softening (liquefaction).

1 A version of this chapter has been published. Fear, C.E. and Robertson, P.K. 1995. Estimating the
undrained strength of sand: a theoretical framework. Canadian Geotechnical Journal, 32(5): 859-870.
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5.2 Current Methods for Estimating S, using Penetration Tests

Figure 5-1 presents the empirical correlation proposed by Secd and Harder (1990), based
on the original work by Seed (1987), which involved 17 casc historics and provided a
relationship between S, and equivalent normalized Standard Penctration Test (SPT)
resistance, (N1)e0, in clean sand. As Figure 5-1 indicates, this rclationship consists of
upper and lower bound lines which present a dilemma to the geotechnical engincer. 1t s
not uncommon to find that the upper bound line will suggest an apparently acceptable factor
of safety whereas the lower bound line will suggest a potentially unstable condition.
Conservative practice often leads engineers to use the lower bound linc to assess overall
slope stability which may result in unnecessary site remediation and expendituees,

Stark and Mesri (1992) provided an alternative approach to estimating Sy, and presented o
relationship between undrained strength ratio and cquivalent (Np)eo in clean sand, as
shown in Figure 5-2. The undrained strength ratio is defined as the mobilized S, divided
by the initial vertical effective stress, oy'. The idea was that expressing undrained strength
in terms of the ratio Sy/oy' would lead to a method that would be casicr to apply in practice.
This relationship is based on the Seed anda Harder (1990) casc historics plus three
additional ones. The Stark and Mesri (1992) relationship alse consists of upper and lower
bound lines. The work by Stark and Mesri (1992) followed the approach taken by
Jefferies et al. (1990), which suggested that the shear strength ratio was a function of
normalized CPT resistance. This idea was based on the view that shear strength ratio s a
function of state parameter (W) and the previous work by Been and Jefferies (1986 and

1987) which proposed that state parameter was a function of normalized CPT resistance.

Robertson (1990) presented a review of the relationship between Sy and normalized
penetration resistance for four sands using relative density corgelations with SPT (Nj)e0.
correlations between normalized CPT qcj and SPT (N})60, published data on steady state
relationships, field studies and large calibration chamber test results. The resulting
relationships are presented in Figure 5-3. Robertson (1990j found that Ottawa sand
appeared to provide the minimum steady state strength correlation and that the corrclation
by Seed (1987) represented a conservative lower bound correlation, especially at large
values of (N1)60. The other sands that were studied (Monterey, Ticino and Hifton Mincs)
all possessed much higher values of Sy at a given penctration resistance than the Sced
(1987) correlation would suggest, thus indicating that there appears to be no unique
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relationship between Sy and penetration resistance for all sands.

Figurc 5-4 presents the results of Roberison's (1990) additional investigation into the
correlation between normalized ultimate undrained strength (Sy/p") and normalized CPT
resistance (qc-p)/p', based on state parameter, as suggested by Been and Jefferies (1985).
Robertson (1990) recognized that these correlations were approximate in nature due to
limited test data, but the vesults clearly sugges:ed the lack of a unique relationship for all
sands, with Ottawa sand representing the minimum relationship when compared with the
other sands (Reid Bedford, Hilton Mines, Oilsand, Ticino and Monterey).

The approach used to estimate Sy at Duncan Dam (Bymne et al., 1994) was an alternative to
the in-situ penetration methods discussed above. High quality undisturbed samples of sand
were obtained at Duncan Dam using ground freezing and subsequent coring. These
undisturbed samples were then tested in the laboratory to directly determine Sy of the sand.
A¥inough attractive, this approach can be expensive and is usually limited to high risk
prajects which have 2 sl 3% Jarge scope and budget and for which the consequences
of failurc can be enormods.

5.3 Framework for Estimating S, from Shear Wave Velocity Measurements
5.3.1 Determining S, from critical state soil mechanics

As reviewed in Chapter 4, based on a critical state soil mechanics framework, the ultimate
state line (USL) for a given sand and a given direction of loading (e.g. triaxial compression
or triaxial extension) can be plotted in p'-g-e space (see Figure 5-5a), where e is void ratio
and p' and q are defined as follows:

[5-1] p =31 +203)

{5-2] q=o0]'- o3

The USL is controlled by the grain characteristics of the soil. Along the USL, q and p'are
related by M, which is a function of friction angle and direction of loading. Theoretical
values of M for triaxial compression (Mc) and triaxial extension (MEg) are given by the
following equations (Wood, 1990):
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6sing'ys

[5-3] Mc = (Qus/Pus)C = 3 - sind'ys
6sind'yy
[5-4] ME = (qus/Pus)E = 37 Si?;(‘t;?us

In theory, these lines in p'-q-e space project onto a single USL in ¢-p' space, since ultimate
state is independent of the stress path followed to reach it (Becn et al., 1951). When the
p' axis is plotted on a logarithmic scale, the true USL is curved, as explained in Chapter 4.
However, the USL can be approximated as a bi-linear relationship; i.c. as a straight linc
over a given stress range (see straight line shown in Figurc 5-5b for a particular stress
range). The USL in the e-p' plane can therefore be defined over a given stress range by
two parameters, I and Aj,. T is the void ratio of the portion of the USL at p'=1 kPa and
Mn is the slope of the portion of the USL when the p' axis is ploticd on a natural logarithm
scale. Each straight line portion of the USL in e-In p' spacc is therefore defined as follows:

[5-5] e=I-AlpIn(p)

Within the critical state soil mechanics framework, it is possible to calculate S, for a soil
with a given void ratio when loaded in undrained shear, assuming no pore pressure
redistribution and therefore no change in void ratio. The concept (shown in Figurc 5-5) is
that a sand which has an initial state given by (p'i, gj, €) and is loaded in undraincd shear
will reach the same Sy as the point on its USL with the samc void ratio (p'us. us, €J.
Therefore, Sy can be determined as follows:
(5-6] Su=g M (—Eiyy

exp (Xl—n)

where:

M= Mcor Mg, depending on the dircction of loading
(see Equations 5-3 and 5-4)
[5-7] W= jnitial state parameter = ¢ - eys (Been and Jefferies, 1985)
e = initial void ratio
eus = void ratio of the point on the USL with the samc p' as the initial state

Each straight line portion of the USL is defined by both a range in stress (p') and u range in
void ratio. Over the applicable range in void ratio, ¥ is related to the reference stress ratio
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(RSR, as defined in Chapter 4) by the slope of that portion of the USL, Ajp, as follows:

[5-8] Refcrence Stress Ratio (RSR) = - = exp (%'»)
Pus In

RSR is a better measure of initial state because it incorporates the effects of an USL that has
a changing slope. It can therefore be uscd to estimate Syover a wider range of void ratio
(or stress). RSR is also a better parameter for comparing sands of different
compressibilities, and which, therefore, have different values of Aj,. Combining
Equation 5-6 and Equation 5-8 gives the following equation for determining Sy:

=1 M (B
For a given sand (i.e. constant M and M), Sy is a function of both RSR and p'j because

defining these two parameters for a given USL determines the void ratio of the sand.

Rearranging Equation 5-6 produces the following equation for the strength ratio Sy/p'i in
terms of ¥

[5-10] = =;17 M exp (-—g—
L n

In terms of RSR, Equation 5-10 can be expressed as follows:

Sy _ 1 M
[5-11] =3 RSK

M
For a given sand under a particular direction of undrained loading, Su/p'; is solely a
function of RSR. The maximum value of Sy/p'j for a contractant soil (i.e. RSR = 1)
occurs when RSR=1 and has a value equal to 0.5 M. On a site-specific basis, a constant
Su/p'i ratio applies only if the in-situ consolidation line for the deposit is parallel to the USL
on an e-1n p' plot, resulting in constant RSR. In this sense, sand differs from clay. For
clay, it is reasonable to assume that the virgin compression line (i.e. normally consolidated
clay) and the USL are relatively straight and parallel in e-In p' space (Wood, 1990). As a
result, all points on the virgin compression line have the same OCR (related to RSR, as
explained in Chapter 4) and, therefore, a constant value of Sy/p'; can be used for a
particular normally consolidated clay. Sand, on the other hand, can be deposited in
numerous ways, each producing a different consolidation line which may or may not be
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parallel to the USL. However, experience with reconstituted sand samples in the
laboratory indicates that the consolidation line for very loose sands can be approximately
parallel to the USL (Cunning, 1994). Therefore, a constant value of Sy/p'y may be
reasonable for very loose sands.

§.3.2 Estimating soil state from shear wave velocity measurements
Drawing on the work by Robertson et al. (1995), Cunning ct al. (1995) demonstrated that

soil state can be estimated from shear wave velocity measurements over i given range in
void ratio using the following formula:

S_ A Vi1 Oy’ ,
[5'12] \11—( B'r)— ( B (Ko)“" - )“Inlnl 3 (l +2l\())‘ )
where:

Vsi = normali7cd shear wave vclocity, in m/s
[5-13] = V, (S2gnasnb

P, = 100 kPa and na=nb=0.125, typically

A and B = constants for a given sand, both in m/s
Ko = ratio of horizontal to vertical siresses

oy;' = initial vertical effective stress

State parameter is therefore a function of soil type (A, B, I' and Ny), Ko, 0y’ and Vyj.
Over a given void ratio, this estimated ¥ can be converted to RSR using the corresponding
value of Ay, and Equation 5-8. This results in the following cquation to estimate RSR:

%‘—(1 + 2Ko)

[5-14] RSR = Vo
BK na
exp( 2 )

5.3.3 Estimating S, from shear wave velocity measurements

Combining Equations 5-9 and 5-14 results in the following cquation relating Sy, to Vgy:

[5-15] Su = 5 exply —( 5-Tl (kPa)
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where Vg is in m/s.

Similarly, combining Equations 5-11 and 5-14 results in the following equation relating
Su/p'i to Vi1t

exp [.___\_lg-l—_—
M P B (R
2

A
exp(l—a-- r)

Ovyi'
- Mn In (5H(1+ 2Ko))]

%]

5-16 Su
[5-16] Pi

Replacing p'j in the left side of Equation 5-16 by the expression given in Equation 5-1
(substituting avi' and Kq*ayi' for o1’ and 03', respectively) results in a similar equation
relating Sy/oyi' to Vgi:

\
exp [ odlme - Mn In (3014 2Ko))

A
exp (- T)

Su _M
{5-17] ry

Oyi'

( ) (14 2Ko)

Examining Equation 5-15, it is clear that for a given material under a particular direction of
undrained loading (constant A, B, na, M, T" and N,) and for a given Ko, Sy is uniquely a
function of V. However, Equationz 5-16 and 5-17 show that neither Sy/p)j nor Sy/o;'is
a unique function of Vi, even for 2 given material and Ko. Rather, Sy/p'j and Sy/oyj'
remain a function of oy;' as well.

5.4 Application of the Proposed Approach to Two Sands
5§.4.1 Test program

Ottawa sand and a compressible tailings sand from Alaska (herein referred to as Alaska
sand) were selected for use in this study as they appeared to represent two extremes
encompassing most sands that could be encountered in practice. Laboratory data were
available for both sands (Sasitharan, 1994; Cunning, 1994) and field data (SPT, CPT and
Vs logs) were available for Alaska sand. Ottawa sand is a clean, uniform, subrounded
quartz sand that is relatively incompressible. Alaska sand contains approximately 30%
fines (passing the No. 200 sieve), composed of a large amount of carbonate shell material
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The values of T" and A1 given in Table 5-1 for each sand are for the flatier portion of the
USL (i.e. p' <200 kPa). The figures presented in the remainder of this chapter are
determined using these values of I" and &y, Conseisently, the values of Sy in subsequent
figures correspond to the flatter portion of each U:.i.. Sands that have an initial void ratio
less than the USL breakpoint void ratio will reach an ultimate state on the steeper portion of
the USL and wili possess higher ultimate undrained strengths. Since the breakpoint in each
USL occurs at approximately p'=200 kPa and typical values of Mc for sands range from
1.2 to 1.5 (see Table 5-1), these sands will have values of Sy greater than approximately
120 to 150 kPa (based on Equation 5-9 using RSR=1). Although not shown here, for
sands having an initial void ratio in the appropriate range (i.e. less than the USL breakpoint
void ratio), the same framework as is presented here could be combined with I'and 24,
associated with the steeper portion of each USL to estimate the corresponding values of Sy.
Note that the USL breakpoint void ratio can be converted to a breakpoint Vsj, based on A
and B for a particular sand. Only soils with measured values of Vg greater than the
breakpoint Vg will have ultimate states along the steeper portion of the USL..

When testing the two sands, Cunning (1994) found that the best fit values for (na+nb)
were 0.266 for Ottawa sand and 0.260 for Alaska sand. Although it appears that the stress
exponents are dependent on the type of sand, this study adopted the historical value for
(na+nb) of 0.25 as representing a generalized value that could be applied to all sands. This
was divided equally with na and nb assigned equal values of 0.125. The values of A and B
for Ouawa and Alaska sand given in Table 5-1 are based on this assumption and therefore
differ from the values given by Cunning et al. (1995) which were based on the
sand-specific values of (na+nb). Specific values of A and B were not available for the
various sands tabulated by Sasitharan =t al. (1994), Ottawa sand with added fines, or
kaolin. However, global values of A and B were used for these sands (see Table 5-1)
since Cunning (1994) showed that most sands tend to fall within a certain band on a Vgi-e

plot. These global values are also based on the assumption that (na+nb) has a value of
0.25.

5.4.2 Results

Figure S-7a presents the relationship between S,/p'i and state parameter in triaxial
compression for both sands, based on Equation 5-10. This is a unique relationship for a
given sand and is independent of both stress level and Ko. The curve for Cuawa sand is
much steeper, due to the flatness of the USL. Alaska sand, on the other hand, exhibits a
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more gradual decrease in shear strength ratio with increasing statc parameter. Figure 5-7a
indicates that S,/p' decreases with increasing W. However, for cach type of sand, there is
likely a maximum value of ¥ bevond which the sand cannot exist. This would correspond
to a minimum possible value of Sy/p'.

For comparison, Figure 5-7b presents the relationship between S,/p'j and RSR, based on
Equation 5-11. The relationship is still unique for a given sand, because it is dependent on
the value of Mc. However, Mc for most sands falls within a small range; consequently,
the relationships between Sy/p}j and RSR for both Ottawa and Alaska sands are much morc
similar than the relationships between S,/p'j and ¥, despitc the wide range in soil
behaviour type. Figure 5-7b indicates that S,/p'; decreases with incrcasing RSR.
However, for each type of sand, there is likely 2 maximum value of RSR beyond which the
sand cannot exist. This would correspond to a minimum possible valuc of Sy/pj.

Figures 5-8(a) and (b) present plots of Vg versus oy’ at a Ko of 0.4 for Ottawa sand and
Alaska sand, respectively. Also shown on these plots are contours of Vg and, hence,
contours of Sy in triaxial compression. These figures clearly indicate that the valuc of Vi
that acts as a dividing line between contractant and dilatant behaviour (i.c. RSR = 1) is not
constant with o' (or depth). Rather, the dividing value oi Vg increases with depth for
either sand. Except at low values of o', the dividing values, especially for Ottawa sand,
agree well with the values of 140 m/s to 160 m/s suggested by Robertson et al. (1992a).
Shear wave velocity profiles from the field could be superimposed over Figures 5-8(a) and

(b) in order to evaluate the in-situ state and estimate the range of Sy, that could be expected
in-situ.

Figure 5-9 presents 2 plot of S, versus Vi in triaxial compression for both Ottawa and
Alaska sand. For a given sand and a given Ko, Sy is a unique function of Vg;. As Ko,
increases, the Sy-Vsi line moves to the right as higher values of Ko will result in higher
values of measured shear wave velocity. The shapes and locations of the lines for Ottawa
sand and A.laska sand are quite different. This is due to the differences between the USLs,
reflected in A}y and . For a given state (W), a soil with a flat USL (i.c. low value of 4jy)
will have a lower value of Sy and be more brittle in undrained shear since RSR will be
higher. The Sy-Vjs; relationship for Ottawa sand is sharper and divides more distinctly
between sand with very little undrained strength and sand with high strength. The
relationship for Alaska sand is more gradual, indicating a slower, stcadicr incrcasc in
strength as Vg increases. Thus, N, I', and K, are three major factors affccting the Sy-Vy)
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relationship.

Figurc 5-10 compares the Sy-Vs) relationships in triaxial compression for Ottawa and
Alaska sand to the other sands tabulated by Sasitharan et al. (1994), for K, equal 1o 0.4.
These figures illustrate that Ottawa : ..d Alaska sand encompass most of the other sands on
a plot of Sy versus V). In addition, it is clear that most of the other sands have sharp
Su- Vs relationships, similar to or sharper than that for Ottawa sand. Alaska sand has a
more gradual relationship than any of the other sands. This is because most of the other
sands plotted here have Aj, values similar to that for Ottawa sand whereas the value for
Alaska sand is an order of magnitude greater. Comparing Leighton Buzzard and Ottawa
sand, which have similar values of Ajp and ¢'ys (see Table 5-1), it can be zeen that
Leighton Buzzard sand, which has a higher value of T, plots to the left of Ottawa sand,
although the lines for both sands have similar shapes. The relative shapes and positions of
the Sy-Vy relationships for the various sands parallels the relative slopes and positions of
the USL.s in e-p' space for the various sands (see Figure 5-5a).

Figurc 5-11 illustrates the effect of adding fines to clean Ottawa sand on the relationship
between S, and Vg in triaxial compression, relative to clean Ottawa sand and Alaska sand
for Ko equal 10 0.4. Also included in Figure 5-11 is the relationship for kaolin. It can be
secn that increasing the percent kaolinite from 0% to 10% moves the Sy-V) relationship to
the right of the line for clcan Ottawa sand. However, if larger percentages of kaolinite
were added (greater than 20%) the USL moves upward to higher voia ratios
(Pitman, 1993) and it would be reasonable to expect that the Sy-V; relationship would
move back to the left and eventually, at 100% kaolinite, to approximately the location of the
relationship for kaolin. This would be consistent with the observation made earlier that the
Su-Vs1 plot parallels the USL plot in e-p' space (see Figure 5-5b).

5§.4.3 Conversion of Vg to SPT (N1)6o and CPT qc1i
In order to compare the proposed shear wave velocity method of estimating Sy, Sy/p'j and
Sv/oyi' with exx:ling methods, Vg1 must be converted to equivalent values of SPT (N1)60

and equivalent CPT q¢). As outlined in Chapter 4, the following equations can be used:

(5-18] (Npeo = (5L
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Vst y43s
Y

[5-19] qc1 = (

where:
Vs1 is in units of m/s and qc; is in MPa.

Note that in Chapter 4, the exponent in Equation 5-19 was approximated as a value of 4,
for ease of calculation. However, the work in this chapter was completed previously and
used an exponent of 4.35 to determine the value of Y.

For clean, unaged, uncemented, relatively incompressible, predominantly silica sands (of
which Ottawa sand is one), X=89.8 (based on a modification of work by Y oshida (1988))
and Y=102 (Robertson et al., 1992b). Equations 5-18 and 5-19 can be combined with

Equation 5-15 to produce equations for estimating S, from (N})e0 and q¢} for such sands,
as follows:

M 1 X (Npeg®25 A
[5-20] Su=g exply; g o (- T] (kPa)
and:
0.23
[5-21] Su =Y exply— (-2l - T (kPa)

where qcj is in MPa.

Similarly, the relationships can be combined with Equations 5-16 or 5-17 1o produce
equations for estimating S,/p}j or Sy/oy' from (N})eo and |ci-

5.4.4 The effect of compressibility on Vg1-(N1)g¢o and Vsi-qcy correlations

Compressibility will have little effect on the measured shear wave velocity since shear
waves do not compress the sand, but it can greatly affect the SPT and CPT penetration
resistance since the more compressible the sand, the lower the penetration resistance, even
at the same relative density (Robertson and Campancllia, 1983).  Shear wave velocity,
SPT and CPT profiles were available from the tailings sand site in Alaska. Examining
these profiles, it was found that X=113 and Y =135 were more appropriate valuc for linking
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shear wave velocity to SPT and CPT penetration resistance in Alaska sand. The increased
values of these constants, as compared to the values for Ottawa sand, reflect the higher
compressibility of the sand. Examining Equations 5-18 and 5-19, it is clear that the values
of X and Y for Alaska sand will give lower values of penetration resistance than for Ottawa
sand for the same value of Vs;. Using the Alaska site-specific values of X and Y in
Equations 5-20 and 5-21 allows Sy to be predicted from (N1)6o and qci, respectively, in
Alaska sand.

5.4.5 Sensitivity of the proposed method to the input parameters

The discussion presented thus far revolves around the assumption that K, and the soil
parameters ¢'ys, I', An, A and B can be determined with certainty. However, in reality,
although each parameter will have a "best-fit" value, it will also have a possible range of
values due to the uncertainty associated with estimating its true value. Careful laboratory
testing and good field estimates of Ko can minimize uncertainties. All of the graphs
presented thus far have only shown the results based on the "best-fit" values of ¢'ys, I,

M. A and B for the two particular sands. However, the possible degrees of inaccuracy
associated with these parameters will translate into bands rather than unique lines on the
various plots relating Sy to shear wave velocity and penetration resistance. As an example,
Figure 5-12 presents the bands of uncertainty in the correlation between S, and Vi
associated with the parameter A for both Ottawa and Alaska sand. The average, upper
bound and lower bound relationships between S, and Vs; are shown for each sand,
corresponding 1o the average and potential range in the value of A (see Table 5-1).

As shown in Figure 5-9, for sands with flat USLs, such as Ottawa sand, the Sy-Vsj
relatiorship based on the best-fit values is already relatively sensitive. As shown in Figure
Figure 5-12 for the parameter A, any degree of uncertainty associated with the input
paramecters will only serve to accentuate this sensitivity. Clearly, the upper and lower
bound lines shown in Figure 5-12 give very different estimates of Sy for sands such as
Ottawa sand. The best that can be achieved for these sands is to determine whether the
field profiles fall below or above the band (in terms of V) in order to determine whether
or not undrained stability will be an issue. The effects will be less significant for sands
with steep USLs, such as Alaska sand, which have a less sensitive Sy-Vj relationship in
the first place. A significant range in S, (which increases as Vg increases) is still
predicted, using the upper and lower bound lines shown in Figure 5-12 for Alaska sand,
but the range is generally smaller than for Ottawa sand.
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8.5 Other Considerations

This study has considered Sy for triaxial compression loading and has presented a
framework to estimate the magnitude of S, from the USL using shear wave velocity
measurements. The USL and Sy in triaxial compression are independent of initial fabric
since the soil is remoulded by the time steady state is reached. Some arguc that the
quasi-steady state (QSS) strength is more critical for stability analyses than the steady statc
strength (Ishihara, 1993). Some research has also suggested that the USL may be lower
and hence S, would be significantly smaller in triaxial extension than triaxial compression
(Vaid et al., 1990; Negussey and Islam, 1994).

Nevertheless, the framework presented here is still valid. If orie were interested in QSS or
S, in extensional loading, the same procedure could be used to estimate the undrained
strength, given that the parameters I', Ay, and ¢'ys were determined for the quasi steady
state line (QSSL) in compression or either the USL or QSSL in extension. Note that the
value of M is a function of the direction of loading and that lower ultimatc strengths will be
predicted for loading in extension than in compression even for the same USL in c-p'
space. As indicated in Chapter 4, for typical values of ¢', the valuc of Mc is typically
1.4 to 1.5 times the value of Mg. This translates into theoretical ultimate strengths in
triaxial compression being generally about 40% to 50% higher than theorctical ultimate
strengths in triaxial extension. Chapter 4 also presented a method for estimating the
minimum undrained strength at QSS in a particular sand deposit having a uniform soil
fabric, based on estimated ARSR between the USL and the (approximatcly parallel) QSSL.
This method is applied to one of the CANLEX sites in Chapter 8. Ishihara (1993)
demonstrated that the QSS is a function of soil fabric, while ultimate statc is not.

5.6 Comparison with iae Current Methads of Estimsting S,

Figure 5-13 presents the results of Sy in triaxial compressios versus equivalent (Ny)6o
determined using the results of Figure 5-9 together with X=82.8 for clean Ottawa sand and
both X=89.8 (the incompressible correlatiosn, referred to as Alaska (1)) and X=113
(accounting for compressibility, referred to as Alaska (C)) for Alaska sand. The other
sands tabulated by Sasitharan et al. (1994) and Ottawa sand with the various percentages of
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kaolinite cannot be included here since no data ar: available to allow for a conversion from
Vg1 to (N1)eo in such materials. However, it would seem reasonable to hypothesize that
the Sy-(Nj)60 lines for Ottawa sand plus kaolinite would plot to the left of clean Ottawa
sand since one would expect to record lower blowcounts in soil with a higher fines content.

Results from the investigation into the stability of Duncan Dam are also shown in
Figure 5-13. The site investigation results for Duncan Dam indicated an increase in (N1)eo
with increasing vertical effective stress in the sand zone in which liquefaction was predicted
to be triggered by the design earthquake (Pillai and Stewart, 1994). Post-cyclic undrained
monotonic simple shear testing of frozen undisturbed samples of this sand indicated that a
constant ratio of Sy/ovi' of 0.21 was applicable (Pillai and Salgado, 1994). Combining the
field and lab results allowed for the relationship between S, and (N1)g0 to be plotted as
shown in Figure 5-13. Although the testing involved a different direction of loading than
is considered here, the relationship for Duncan Dam is clearly similar to the results of this
study, having a similar shape and location on the plot and, in particular, showing Sy to
increase with increasing (N1)eo at a similar rate as the triaxial compression relationships for
Ottawa and Alaska sand.

Superimposed on Figure 5-13, for purpose of comparison, are the upper and lower bound
lines relating Sy, to (N1)e0 from Seed and Harder (1990), as shown in Figure 5-1. There is
a relationship between S, and (Nj)e60, as Seed and Harder were suggesting; however, this
relationship is unique only for a given sand and a given Ko-condition. This study has
shown that K,, plays an important role in the Sy-(N1)eo relationship for any given sand and
that the differences in compressibility and fabric between Ottawa sand and Alaska sand
result in very different relationships. The empirical plot by Seed and Harder (1990)
incorporates 17 case histories involving different types of sand and likely involving
different conditions of K,. ‘Hence, the framework presented in this study can account for
the scatter in the Seed and Harder (1990) plot by attributing it in part to variations in
compressibility, fabric and K, amongst the various case histories. The Seed and Harder
(1990) lines appear much flatter than both the results from this study and those for Duncan
Dam, thereby predicting much lower strengths for high values of (N})e0. It is possible that
other factors which have not been taken into account.in this study, such as pore pressure
redistribution or the effects of other directions of loading, may be responsible for the
differences between the Seed and Harder (1990) lines derived from case histories and the
results of this study. The case histories forming the Seed and Harder (1990) empirical
chart may have actually suffered failures due to a combination of undrained strengths in
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different directions of loading (e.g. triaxial compression, triaxial extension and simple
shear). The single back-calculated value of S, for each case history likely represents the
overall average slope behaviour. In addition, some of the case histories in the Seed and

Harder (1990) database appear to be cases of cyclic softening for which an estimate of Sy, is
not applicable (see Chapter 7).

The plot by Seed and Harder (1990) is for the equivalent SPT (Nj)go in clean sand. Thus,
for the case histories in sand with fines, a fines content correction was applied to increasc
the value of the measured (Nj)go to reflect what the equivalent (N)eo would be in clean
sand. The fines content corrections (AN1) suggested by Seed (1987) werc AN =1,2,4
and S for fines contents of 10%, 25%, 50% and 75%, respectively. Seed (1987) explained
that these were tentative values, but that judgcment should be exercised in applying the
corrections due to differences between different soils. Although not explained as such by
Seed (1987), it is felt by the authors that these correction factors were an attempt to account
for the increased compressibility of sand with fines relative to clean sand. Lnoking at the
results of this study for Alaska sand which has a fines content of about 31%, it can be seen
that the difference between the Alaska (I) results and the Alaska (C) vesuits varies with
(N1eo and Ko, but has an average A(N1)go of approximately 3. This is consistent with the
correction factors suggested by Seed (1987). Note that, although fines content may be an
indirect measure of compressibility, clean sands may also be compressible. For thesc
sands, such as clean carbonate sands, Seed (1987) would not recommend a correction
factor, whereas the method followed here would directly incorporate the compressibility of
the sand into the relationship between S,; and (N))gn.

Figure 5-14 presents the results of Sy/oy;' in triaxial compression vaisus equivalent (N1)6o
determined by combining Equation 5-17 with Equation 5-18, using X=89.8 for clcan
Ottawa sand and both X=89.8 (the incompressible correlation, referred to as Alaska (1))
and X=113 (accounting for compressibility, referred to as Alaska (C)) for Alaska sand.
For the reasons explained above, the other sands from Sasitharan et al. (1994) and Ottawa
sand plus kaolinite are not included on this figure. Superimposed on Figurc 5-14, for
purpose of comparison, are the upper bound, lower bound and average lines relating
Su/ovi' to (N1)eo from Stark and Mesri (1992), as shown in Figure 5-2. It can be secn
that, contrary to the suggestion by Stark and Mesri, there is nc unique relationship between
Su/ovi' and (N1)60. Although the 20 case histories in Stark and Mesri's plot appear to
follow a trend, there is a lot of scatter. This is likely due to differences in compressibility,
fabric and K, between case histories, as in the Seed and Harder plot, but is also
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compounded by the fact that Sy/ovi' and (Nj)eo are not related by a unique relationship,
even for a given sand and Ko-condition. Two case histories involving similar types of
sands and K¢-conditions, would not plot in the same place on the plot if the stress levels
were different. As for the Seed and Harder (1990) plot, Stark and Mesri's (1992) plot is
for the equivalent (N)60 in clean sand. The same comments, outlined above, regarding the
relationship between compressibility and fines content also apply here.

Figure 5-15 presents the results of Sy in triaxial compression versus equivalent gcj using
the results of Figure 5-9 and Y=102 for clean Ottawa sand and Y=135 for Alaska sand.
The other sands from Sasitharan et al. (1994) and Ottawa sand with the various percentages
of kaolinite cannot be included here since no data are available to allow for conversions
from Vg to qc1 in such materials. However, it would seem reasonable to hypothesize that
the Sy-qc1 lines for Ottawa sand plus kaolinite would plot to the left of clean Ottawa sand
since onc would expect to record lower cone tip resistances in a material with a higher fines
content. Superimposed on Figure 5-15 are the results from Robertson (1990), as shown in
Figure 5-3, which he suggested were approximate in nature due to the limited test data and
the complex series of assumptions required. The results of this study and from Robertson
(1990) both indicate that there is a unique relationship between Sy and qc for a given sand
at a given Ko. The lines for Ottawa sand from this study and from Robertson (1990) are
both lower bounds for the given sands; however, there is some difference. The line for
Alaska sand falls in the range of other compressible sands such as Hilton Mines tailings.

Figure 5-16 presents Sy/p'j in triaxial compression versus normalized CPT penetration
resistance, (qe-p)/p' for both Ottawa sand and Alaska sand calculated for Ko=0.5, since
Robertson's (1990) results which are superimposed on this figure were for a K, of 0.5
(see Figure 5-4). In general, Ottawa sand and Alaska sand encompass several other types
of sands and thereforg represent two extreines of the types of sands that are likely to be
encountered in practice. Robertson's (1990) unique lines for each sand are based on the
proposal by Been and Jefferies (1987) that there is a unique relationship between state
parameter and normalized CPT penetration resistance. The fact that the results of this study
indicate a2 dependency on stress for the relationship between Sy/p'i and normalized CPT
suggests that the relationship between state parameter and normalized CPT resistance is not
unique. Sladen (1989) also questioned the uniqueness of the relationship proposed by
Been and Jefferies (1987).

Figure 5-17 compares the results of this study with those by Baziar and Dobry (1995).
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Baziar and Dobry (1995) compiled a database of liquefaction case histories consisting of
lateral spreads and failures of slopes or embankments in saturated silty sands and sandy
silts. These case histories are shown as points on a plot of (N)eo versus vertical effective
stress in Figure 5-17. Also shown in Figure 5-17 is the upper boundary for large
deformation potential in saturated silt-sand deposits that Baziar and Dobry (1995) drew
based on these case histories. This line is essentially a dividing line between contractant and
dilatant behaviour. Superimposed on Figure 5-12 are the dividing lines (i.c. RSR=1) that
would be predicted for Ottawa sand (vsing X=89.8) and Alaska sand (using X=113) for a
Ko of 0.5, based on the irtnmework presented earlier. The results of this study appear to be
consistent with the findings by Baziar and Dobry (1995), as their upper boundary line (for
silt-sands) falls between the lines for Ottawa sand (with no fines) and Alaska sand (very
compressible with approximately 30% fines), at oyi' < 100 kPa.

At higher stresses, the Baziar and Dobry (1995) line is controlled by onc casc history (the
Upper San Fernando Dam) which had an average in-situ measured (Nyp)eo of 13, as
reporied by Seed and Harder (1990). In fact, this case record did not represent a slope
failure, as did most of the other slope or embankment casc records. Rather, the dam
suffered only limited deformations which were relatively small compared to the overall size
of the dam. Therefore, if this case record is disregarded or if a lower (Ny)gs0 (closer to the
minimum measured value) controlled the observed deformations (sec Chapler 7), the Baziar

and Dobry (1995) line would remain between the lines for Alaska and Otlawa sand up to
approximately 200 kPa.

5.7 Comparison with Laboratory Testing Results

The predictions of Sy based on in-situ testing using the framework proposecd here can be
compared to laboratory testing results on undisturbed samples of sand from deposits which
have been characterized using in-situ testing. The earlier discussion regarding Duncan Dam
provided a comparison between the framework suggested here and the combination of
available SPT data and laboratory results. A comparison between laboratory test results
and undrained strengths predicted using the framework suggested herc and CPT data is
illustrated in Chapter 8 for one of the CANLEX sites.
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5.8 Conclusions

This study has combined critical state soil mechanics and shear wave velocity
measurements in order to develop a framework which can be used to estimate the in-situ
undrained ultimate state shear strength of a sand. In the process, the range of values that
can be expected to encompass most sands on plots of S, in triaxial compression versus
Vs1, qe1 or (N1)60 has heen shown and has been attributed primarily to the location of the
USL in terms of I" and Ny as well as Ko. More compressible sands tend to have larger
values of Ny In this chapter, S, was estimated based on the vltimate state line for very
loose samples tested in triaxial compression for each sand; however, the framework
developed here can also be used to estimate undrained strengths at quasi-steady-state or in
other directions of loading (see Chapter 4). The plot of S, versus (N)6o by Seed and
Harder (1990) appears conservative when compared with the resulis of this study,
especially for compressible sands with high values of Ajp and I" and for site conditions
producing low values of K,. However, other factors such as other directions of loading
and pore pressure redistribution may have affected some of the case histories used to
producc the Seed and Harder (1990) correlation. In addition, some of the case histories in
the Seed and Harder (1990) database appear to be cases of cyclic softening for which an
estimate of Sy is not applicable (see Chapter 7).

This study has also demonstrated that it is unlikely to have a unique relationship between
Su/ovi' and (N])60, as suggested by Stark and Mesri (1992) or between Syu/p'i and
normalized CPT resistance, as suggested by Jefferies et al. (1990). The empirical case
histories do suggest such a relationship, in that the general trend is an increase in Sy/ovi' or
Sw/p'i as (N1)6o or normalized CPT resistance increases. However, encompassed in the
empirical case histories is the fact that the relationships are stress level dependent for a
given sand, in addition to being dependent on compressibility and differences in Ko
between sands. A constant Sy/p'j or Sy/oyj' ratio can only be used on a site-specific basis
for a particular direction of loading when RSR is a constant.

Finally, the application of the propased method relies on laboratory work to determine the
parameters of the USL (¢'ys, I', %is} and the parameters relating Vs to e for a particular
sand (A and B). Although the method appears quite promising, it is not without
drawbacks. The level of accuracy in estimating Sy, using shear-wave velocity may present
significant problems and should be considered when appiying the method. If the USL of a
sand is relatively flat (\jp < 0.035), it will not be possible toraccurately determine Sy using
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shear wave velocity measurements or in-situ penetration testing. Note that this is e case
for the flat portion of the USL for most of the uniform, clecan silica sands included it this
study. In fact, one of the most important findings of this study is that for most sands, Sy
appears to be a very sensitive parameter and, therefore, very difficult to accurately estimate
using any method, including the one investigated here. However, for such sands, it will be
possible to estimate the dividing line, in terms of Vgj, (N1)60, or qci, between soil
conditions that will exhibit essentially little or no strength when loaded undrained and soil
conditions that will be able to fully mobilize the steady state drained friction angle. A
further complication when estimating S, from in-situ tests is the possible effects of pore
pressure redistribution after cyclic (earthquake) loading.
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Table 5-1: Materia! properties for (a) Ottawa and Alaska sand
(Cunning, 1994); Ottawa sand with added kaolinite fines
(Skirrow, 1995) and (b) other sands (Sasitharan et al., 1994)

(a) _ Sand dus  Mc Mg r* Mg A B

Ottawa 30.5 1.22 0.87 0.926 0.032 385.52 261.8 I
Alaska 36.5 1.48 0.99 1.485 0.117 319.5b 178.7
Ottawa+5% fines 29.5 1.18 0.84 0.809 0.029 c c
Ottawa+7.5% fines  29.6 1.18 0.85 0.835 0.052 c c
Ottawa+10% fines 29.4 1.17 0.84 0.930 0.103 c c
Kaolin? 25  0.98 0.181 c c

(b) _ Sand Qus  Mc Mg T Mg A B_ |
Erksak 309 124 08 082 0013 ¢ c |
Toyoura(p'us<i00kPa) 30.9 1.24 0.88 0.938 0.004 c c
Lornex 35 1.42 0.96 1.1 0.022 c c
Brenda 35.9 1.46 0.98 1.112 0.042 c c
Syncrude 29.8 1.19 0.85 0.847 0.017 c c
Nerlerk 30 1.20 0.86 0.885 0.014 c c
“ Leighton Buzzard 29.8 Ll.l9 0.25 1 0'9415 C c
Notes:

* T and N, apply to the flat portion of the USL for each soil
(i.e. p'<200 kPa, unless noted otherwise)
range = 371 to 397 m/s
range = 314 to 326 m/s .
use global values of A =363 m/s (range = 3-10 to 380 m/s) and B =235 m/s
¢'us cited by Atkinson (1993); Ajp & T based on PI=32%, Gs=2.70,

and formulae in Atkinson (1993)

QO SCR
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Figure 5-3 Correlations between residual strength and normalized CPT penetration
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Figure 5-7 Relationship between Sy/p' and (a) state parameter (W) and (b) refcrence
stress ratio (RSR) in triaxial compression for Ottawa sand and Alaska sand.
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Vi1 (or Sy in triaxial compression) for (a) Ottawa sand and (b) Alaska sar2.
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compared with Ottawa sand and Alaska sand.
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Figure 5-11 Relationship between Sy in triaxial compression and Vjj for Ottawa sand
with fines and kaolin compared with Ottawa sand and Alaska sand.

193



100

75

Su (kPa)
B

25
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CHAPTER 6

EMPIRICAL ESTIMATION OF UNDRAINED SHEAR STRENGTH BASED
ON DOWNHOLE PLATE LOAD TESTS!

6.1 Introduction

The previous chapter has illustrated the difficulty in estimating undrained shear strengths
from conventional penetration testing in sand. In clay, plate load testing is a method that is
often used to estimate undrained shear strengths. This chapter reports on an experimental
program that was developed to investigate the potential of using rapid downhole plate load
testing as an alternative method for estimating undrained shear strengths in sand. The goal
of the plate load testing was to push the plates as rapidly as possiblc in an attcmpt to load
the sand in an undrained manner and, therefore, to be able to estimate the undrained shear
strength of the loose sand from the measured bearing stress on the platc.

The experimental program consisted of a serics of downholc plate load tests that were
conducted at radii of approximately 5 to 9 m (in plan) from the location of in-situ freczing
and sampling in J-pit at Syncrude, in conjunction with the Canadian Liquecfaction
Experiment (CANLEX) Phase 111 site investigation activity. This phasc of thc CANLEX
project consisted of filling an old borrow pit (J-pit) at Syncrude, in Ft. McMurray,
Alberta, with tailings to create a relatively loosc sand deposit with a groundwater table at a
depth of approximately 0.5 m.

The experimental program was preliminary in naturc; however the results appear
promising. This chapter describes the test program, presents the measured results from
testing using both 4" (10 cm) and 6" (15 cm) diameter plates, provides a basic
interpretation of the results and makes recommendations for futurc studies. ldcally, it
would be desirable to compare the undrained strengths predicted using the plate load tests
with undrained strengths measured in the laboratory by testing undisturbed samples.
However, to date only very limited testing on undisturbed samplecs of Phasc 111 sand has
been conducted by the CANLEX project. Therefore, comparisons of the results of the

Y An abstract for a version of this chapter has been accepted for publication. Fear, C.E.. Cyre, (.,
Robertson, P.K., and Morgenstern, N.R. 1996. Proceedings of the 49th Canadian Geotechnical
Conference, S1. John's, Newfoundland, September 23-25.
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plate load testing with the results of laboratory testing on undisturbed samples from the site
will be possible at a future date once additional laboratory testing is performed and the
overall Phase 11l data review activity is completed.

6.2 Test Program and Equipment2

Figure 6-1 presents a plan view of the detailed test site at J-nit. "~dicated on Figure 6-1 are
the locations of in-situ freezing and sampling, locations - . conventional in-situ testing
(SPT, CPT, geophysical loggirig) and the approximate locations of the plate load tests that
were conducted at the site. 4" diameter plates were used in boreholes PL.1, PL2, FS5 and
FS52. Note that the abbreviation FS indicates a frozen sampling borehole; testing in these
boreholes was conducted in the unfrozen soil beneath the frozen target zone after sampling
of the frozen soil was completed. 6" diameter plates were used in boreholes PLA4, PL5 and
PL6, with the exception of one test using a seven inch diameter plate (the first test in
borehole PLA4).

6.2.1 Basic equipment for initial 4" diameter plate load tests

From June 27 to 29, 1995, a total of sixteen plate load tests were carried out using a
4" diameter steel plate (3/4 inch thick) that could be screwed onto the end of a drill stem.
A load cell was constructed to fit between the drill head and the top of the drill stem and a
displacement transducer that could measure the displacement of the drill head was mounted
on the drill rig. Figure 6-2 illustrates the configuration of the overall test setup.
Figure 6-3 illustrates the details of the plate system, the load cell and the displacement
transducer. The data acquisition system that was in place to monitor the instrumentation for
the planned CANLEX static liquefaction event was used to take and record readings from
both the load cell and the displacement cell every tenth of a second. The average rate of
. penetration was approximately 30 cm/s, using a hydraulic drill rig from Mobile Augers.

Table 6-1 summarizes the details of each individual 4" diameter plate load test. The tests
were carried out at a variety of depths in four boreholes, two of which were sampling holes
through the frozen target zone (plate load tests in these holes were carried out in the

2 The plate load test equipment was all designed and built by Gerry Cyre of the University of Alberta. The

detailed figures illustrating the specifics of the equipment configuration in the following section were also
produced by Gerry Cvre.
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unfrozen soil below the frozen target zone). The plate was displaced anywhere from 20 cm
to 120 cm during a given test.

The data acquisition system was turned on before each test was started and was kept
running until the test was completed. The load cell and displacement cell readings werc
recorded automatically on a continuous basis. It was therefore very important to correctly
identify the start of the test within a large data file and "zero" the initial readings
accordingly. Figure 6-4 presents calibration charts for the load cell and the displacement
cell that were used in this stage of plate load testing. Both of thesc charts were determined
in the laboratory prior to conducting the plate load tests in the field.

The start of each test was identified as the point at which the displacement ccll readings
began to quickly change. At this point, the initial displacement was set equal to zcro.
Subsequent displacements were determined from the change in voltage and the
displacement cell calibration chart given in Figure 6-4. The corresponding load measured
by the load cell was set equal to zero. Additional loads were determined by the change in
voltage and the load cell calibration chart given in Figure 6-4. The total initial load on the
plate was determined by adding the weight of the rods and plate systcm to the load
measured by the load cell, accounting for the correct number of rods that were added as the

borehole advanced. The bearing stress on the plate was then determined by dividing the
total load by the plate area.

6.2.2 Advanced equipment for 6", 7" or 8" diameter plate lcad tests

As will be explained in subsequent sections of this chapter, it appeared that the 4" diameter
plate load testing did not create undrained conditions in the sand. Therefore, from August
21 to 22, 1995, a second stage of testing was conducted. This consisted of five platc load
tests in 3 boreholes using larger diameter plates (i.e. with longer drainage paths), to try to
ensure undrained conditions. Three of these tests were carried out continuously over
several metres, stopping only to attach additional lengths of drillstem. A more
sophisticated system consisting of a downhole load cell and a stcel plate with a built-in pore
pressure transducer was designed and built. i he advantages of this system were that more
reliable measurements of bearing stress on the downhole plate and an indication of the
effects of loading on pore pressures could be obtained. If undrained conditions could be
produced with sufficiently rapid loading, one would expect to scc increases in pore
pressure measured by the pore pressure transducer. Figure 6-5 illustrates the configuration
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of the overall test sewup for the second stage of plate load testing.

Three plates of different diameters (6", 7" and 8") were constructed, each with a pore
pressure transducer. Figure 6-6 illustrates the details of the downhole plate, load cell and
pore pressure transducer configuration. The location of the pore pressure transducer is
such that it may not correctly measure the actual pore pressures; however, the relative
increase or decrease in observed pore pressure response can be meaningful. The same
displacement transducer was used as for the 4" plate load tests. Again, readings were taken
and recorded every tenth of a second, using the on-site data acquisition system. The
average rate of penetration was slower, at approximately 5 to 7 cm/s, using a hydraulic
drill rig from Elgin.

Table 6-2 summarizes the details of each individual 6" diameter plate load tests. The 8"
plate would have been difficult to use because it would have been too tight a fit in the 8"
borehole that the rig could drill. The first test was carried out starting at a depth of 10 ft
(3 m) using the 7" diameter plate, but could not be pushed more than 10 inches because the
bearing stress exceeded the capacity of the drill rig. The set-up was therefore switched to
the 6" plate, which was used for the rest of the tests in this second stage of plate load
testing. The first 6" plate load test at a depth of 15 ft (4.6 m) also exceeded the capacity of
the drill rig after a small displacement. However, at a greater depth (starting at 20 f1
(6.1 m)), the 6" plate advanced easily and a continuous plate load test was performed with
a total displacement of approximately 6 m, at which point the drill rig's capacity was
excecded. Subsequently, in two other boreholes, continuous plate load tests were also
performed using the 6" plate, starting at depths of 20 ft (6.1 m) and 17 ft (5.2 m),
respectively, with each test advancing a total of 5 to 6 m before refusal.

As for the 4" diameter plate load tests, the data acquisition system was turned on before
each test was started and was kept running until the test was completed and the load cell
and displacement cell readings were recorded automatically on a continuous basis. Again,
it was very important to correctly identify the start of the test within a large data file and
"zero" the initial readings accordingly. Figure 6-7 presents the calibration charts for the
load cell and displacement cell that were used during this stage of plate load testing. The
load cell calibration was carried out in the laboratory after completion ¢ we fieldwork. The
displacement cell calibration was carried out while in the field. Figure 6-8 presents the
calibration chart for the pore pressure transducer that was built into the downhole plate
system. The pore pressure calibration was performed in the laboratory prior to conducting
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the plate load tests.

The start of the test was identified as the point at which the displacement cell readings
began to quickly change. At this point, the initial displacement was sct equal to zero.
Subsequent displacements were determined from the change in voltage and the
displacement cell calibration chart given in Figure 6-7. Since the load cell in this
configuration was a downhole load cell, it essentially measures the total load on the plate.
The total initial load measured by the load cell corresponding to zero displacement was sct
equal to the weight of the rods acting on the load cell before platc was advanced.
Additional loads were deterrnined by the change in voltage and the load cell calibration chart
given in Figure 6-7. Since the lzad cell was part of the downhole plate system, any
additional rods that were added as the plate was advanced would be felt by the load cell and
be incorporated into the observed change in voltage relative to the initial zero valuc. The
bearing stress on the plate was then determined by dividing the total load by the platc arca.
It was difficult to zero the pore pressure readings since no reference pressurc was available.
Pore pressure was therefore calculated directly by combining the measured voltage from the
pore pressure transducer with the pore pressure calibration chart presented in Figurc 6-8.

6.3 General Plate Load Test Theory

Conventional bearing capacity theory used to estimate the undrained strength of clay from
plate load tests can be used to interpret undrained strengths in sand if the plate load test is
performed with a big enough diameter plate and occurs rapidly enough to promote
undrained conditions. The following section outlines conventional theory for estimating
the undrained strength of a soil from plate load tests.

Assuming that undrained conditions apply, and that the soil is rigid, perfcctly plastic in
nature, the ultimate bearing capacity (qg) of an infinite strip footing located on the ground

surface is related to the undrained strength of the soil (S,) by the following exact solution
based on classical plasticity theory:

[6-1] qr = (2 + %) Su

Skempton (1951) modified this equation to account for the effects of footing shapc
(e.g. circular or square versus strip) and the depth below ground surface, provided that
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locating the plate at depth provides a confining effect to the soil beneath the plate. The
resulting equation is: :

[6-2] qr=NcSu+ YD

where:

N¢ = bearing capacity factor
Y = unit weight of soil

B = width of plate

L = length of footing

D = depth of footing

The bearing capacity factor, Ng, is a function of both the shape of the footing (defined by
the ratio B/L) and the depth of the footing (defined by the ratio D/B). The chart proposed
by Skempton (1951) for estimating N is given in Figure 6-9 and applies to soils that are
rigid, perfectly plastic, as indicated. For infinite strip footings (i.e. B/L=0) located at the

ground surface (i.e. D/B=0) the chart in Figure 6-9 gives an N¢ of 5.14 corresponding to
the value given in Equation 6-1 (i.e. 2 + ).

The plate load tests conducted in this study were all circular plates; therefore the ratio B/L
has a value of 1. In addition, the plate diameter (B) ranged from 4" to 6" (10 cm to 15 cm)
and the depths that the tests were conducted at ranged from approximately 2.5 ft to 25 ft
(0.8 to 8 m), giving ratios of D/B greater than 5 (the maximum value shown in
Figure 6-9). For most of the tests, D/B was much greater than 5 since many of the tests
were conducted at depths of more than 10 ft (3.3 m). Therefore, based on Skempton's
(1951) chart shown in Figure 6-9, an N, of 9 is appropriate for an initial interpretation of
the downhole plate load tests, assuming that the soil is rigid, perfectly plastic in nature and
that locating the plate at depth provides confinement.

Rearranging Equation 6-2 gives the following equation to theoretically estimate undrained
shear strengths (Sy) in sand from the measured bearing stress (qp) during rapid downhole
circular plate load tests, assuming undrained conditions are induced:

_49r - Oov
[6-3] Su =R
where:
Ov = total overburden stress at the depth. of the test = yD
N¢ =9 for a test at depth (with confinement) in a rigid, perfectly plastic material
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This formula is based on classical plasticity theory for a general shear model. However,
many of the plate load tests that were conducted as part of this study (particularly during the
second stage of testing) were continuous tests over a range in depth of up to several metres.
The only pauses were to attach additional lengths of drillstem. Therefore, many of the tests
were somewhat like a large CPT test. Note that the conventional CPT has a tip arca of
approximately 10 cm2, while the 4" and 6" diameter plates used in this study had much
larger areas of approximately 80 cm2 and 180 cm2, respectively. An additional
complicating factor with the plate load tests, as compared to the CPT, is the geometry of the
plate and rod system being pushed continuously into the soil. Since the plate diameter is
larger than the drillstem diameter (see Figures 6-3 and 6-6) soil will bc pushed around the
plate and behind it as the plate is advanced into the soil. This may decrease the mcasured
bearing stress on the plate, due to the lack of confinement of the soil.

CPT testing in fine grained soil has been used to estimate the undrained strength of the soil
(Robertson and Campanella, 1988/89). The same formula as given by Equation 6-3 can
been used, except that the term N¢ is replaced by an empirical cone bearing factor, Nk.
Various studies comparing the estimated undrained shear strengths with other methods of
estimating undrained strengths in clay (c.g. the field vane test), as summarizcd by
Robertson and Campanella (1988/89) have shown that Nk is in the order of 15+ 5. In
clay, the factor Ny is a function of OCR, sensitivity and soil stiffness; studies also show

that in sensitive clays, Nx may have a value less than 10 (Robertson and Campanclla,
1988/89).

In this study, N¢ was assigned a value of 9 for an initial interpretation of the downhole
plate load tests. Based on the earlier discussion, this value may not be appropriale if the
soil is strain-softening in nature (i.e. not rigid, perfectly plastic) or if there is a lack of
confinement at depth. Studies (e.g. Chan, 1986) indicate that Skempton's (1951) N¢
values may underpredict the peak undrained strength in strain-softening soil from the
measured bearing stress on the plate (particularly if the rate of strain-softening is high),
while providing a reasonable estimate of the residual undrained strength. When the soil is
at residual strength, it is closer to a rigid, perfectly plastic material. The soil beneath the
plate may actually consist of a combination of elements at peak strength and elements at
residual strength. Lack of confinement at depth (e.g. as soil squeezes around the
advancing plate) may create a condition closer to a plate load test at the ground surfacc.
Hence N values lower than 9 should be used, even in a rigid, perfectly plastic material.
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6.4 Interpretation of Results

In the following section, the results of each stage of downhole plate load testing are
compared with the results of adjacent CPT testing at the site (see Figure 6-1). Four CPTs
were conducted at a S m radius from the zone of frozen sampling: CPT-20, CPT-21,
CPT-22 and CPT-23. In addition, two nearby CPTs (CPT-26 and CPT-27) which were
seismic CPTs were included in the CPT results.

Figure 6-10 presents the complete set of results for one CPT (CPT-21), which is typical
for all six of the CPTs in the vicinity. Pore pressure measurements during CPT penetration
indicate that the local groundwater table was located at approximately 0.5 m depth and that,
relative to the hydrostatic line, some excess pore pressures were noted as each additional
length of cone push rod was added. However, this excess was generally small relative to
the hydrostatic pressure and the CPTs can be considered to be essentially drained
penetration tests. Slightly larger pore pressures during cone penetration were observed for
CPT-23 (see Figure 6-1) than for the other CPTs in the area.

Figure 6-11 compares the profiles of CPT cone tip resistance from the six CPTs in the
vicinity of the plate load testing. The thick horizontal lines at 3 m and 7 m indicate the
extent of the target zone for freezing, sampling and other in-situ testing at the site. With the
exception of two denser zones within the target zone indicated by CPT-21, the six CPTs all
give reasonably consistent results over the depth range, particularly below 3 m. Figure
6-12 plots the CPT results in the target zone on the soil classification chart proposed by
Robertson (1990) which was presented in Chapter 3 (see Figure 3-6). Most of the data fall
within zone 5, classifying the soil as a sand mixture, ranging from a silty sand to a sandy
silt. Some of the data fall into zone 6 (sands: clean sand to silty sand) and zone 4 (silt
mixtures: clayey silt to silty clay). A few datapoints fall into zone 3 (clays). In addition,
the data generally fall within the normally consolidated region (see Chapter 3, Figure 3-6),
which is to be expected for such a young deposit (approximately one month old).

For each plate load test, loads and displacements were recorded. The measured load during
each test was converted to bearing stress on the plate. The measured displacement was
converted to an actual depth, using the starting depth of each test as a reference. Put
together, the stress and depth measurements result in a profile of bearing stress with depth
through the soil deposit. These profiles of measured bearing stress for the plate load tests
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size and rate of penetration was not sufficient to create undrained conditions. It would,
therefore, not be appropriate to estimate undrained strengths from the profile of bearing
stress on the plate using Equation 6-3 which requires undrained conditions to be present.
Although it is possible that portions of one or two tests which had lower bearing stresses
than the CPT profiles (e.g. the last test in borehole PL1; see Figure 6-13) caused at least
partially undrained conditions, there was no independent means of confirming this, such as
having pore pressure measurements indicating excess pore pressures.

An interesting feature to note is the results of the first test in borehole FS52 which are not
shown in Figure 6-15. As indicated in Table 6-1, a lot of slough (drili cuttings) was
present in the borehole; aithough the borehole had been advanced to a depth of 18 {1 (5.5
m), the top of the slough was at about 14.5 ft (4.4 m). The drillers moved the rods up and
down to break through the slough, but the result was that the rods sank under their own
weight from about 18 ft (5.5 m), eventually stopping at a depth of almost 25' (7.6 m).
Perhaps some cyclic softening was induced in the sand.

6.4.2 Six inch diameter plate load tests

The second stage of plate load testing involved the more sophisticated system of a
downbhole load cell and a plate with a built-in pore pressure transducer (see Figure 6-5).

a) Raw field data versus time

Figures 6-17 and 6-18 present the measured displacements, pore pressures and bearing
stress versus time for the first two tests in borehole PL4. The first test was performed
starting at a depth of 10 ft (3.0 m) with a 7" diameter plate (see Figure 6-17). Figure 6-18
presents the results of the second test in borehole PLA4, the first test with the 6" diameter
plate, which started at a depth of 15 ft (4.6 m). Again, the drill rig reached its load capacity
without pushing the plate very far. This test was done in two stages (hence the pause in the
profiles versus time); the test was stopped mamentarily as the rods were bending. Figures
6-17 and 6-18 indicate that the pore pressures in these first two tests decreased while the
plate was being advanced (i.e. the observed excess pore pressure was negative). This
could be indicative of a dense sand.

The borehole wa: then advanced to a depth of 19.5 ft (5.9 m) and the third test in borehole
PLA4 was performed (see Figure 6-19). This time, the plate advanced easily. The test was
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therefore continued for several metres, stopping only to attach additional lengths of
d:nistem. The plate was pushed for three compleie intervals of approximately 150 cm
before finally reaching the load capacity of the drill rig towards the end of the fourth
interval. Figure 6-19 clearly indicates that the average rate of penetration for each interval
was approximately S cm/s and that with each interval of pushing the plate, pore pressures
measured by the built-in pore pressure transducer increased. In addition, in betwecen
intervals of advancing the plate, the pore pressures clearly dissipated.

Figures 6-20 and 6-21 present similar results as Figure 6-19, but for continuous plate load
tests conducted in boreholes PLS and PL.6, respectively. As a result of the high bearing
stresses measured at depths less than 15 ft (4.6 m) in borehole PLA4 (see Figures 6-17 and
6-18), the tests in boreholes PLS and PL6 were started at depths of 20 ft (6.1 m) and 17 f1
(5.2 m) respectively. Again, four intervals of advancing the plate were conducted in cach
borehole with the load capacity of the drill rig being reached at some point in the last
interval. Slightly higher average penetration rates of approximately 6 cm/s were reached in
both boreholes PLS and PL6. Again, clear increases in pore pressures were measurcd by
the built-in pore pressure transducer. The excess pore pressures in borchole PL6 were
similar to those in borehole PLA (see Figure 6-19), increasing as the plate was advanced
and dissipating while the plate was stopped and additional lengths of drillstem were
attached. However, in borehole PLS, the pore pressurcs appeared to rapidly reach a pcak
and then dissipate very rapidly while the plate was still being advanced. In fact, the trends
of the pore pressure profile in PLS are somewhat similar to the trends of the bearing stress
profile, whereas in PL4 and PL6 the pore pressure profiles had trends oppositc to the
bearing stress profiles. Therefore, it is possible that the pore pressure transducer was not
correctly measuring pore pressures during this tzst. However, the mecasured pore pressurc
profiles in boreholes PL4 and PL6 secm reasonable; this is shown more clearly in

subsequent figures (Figures 6-26 to 6-28) which compare the measured porc pressures to
the estimated hydrostatic line.

In Figures 6-19 to 6-21, it is interesting to note that although the bearing stress was sct
equal to the initial weight of the rods in each borehole, such that the initial valuc was
slightly greater than zero on the scale shown, the measured bearing stress appears to go
slightly negative in the intervals of time in which additional rods were being added and the
plate was stationary. While there may be some small errors in the "zcroing" of the load on
the plate or the calibration of the load cell, a more likely explanation for this obscrvation
may be the method used by the drillers to attach additional lengths of drilistem. The
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drillstem is often lifted up slightly and clamped before the next rod is added. This may
result in a slight tension on the drillstem because of the displaced soil around the plate and
the portion of the drillstem below the bottom of the augered borehole. A slight tension
would translate to a negative load on the load cell and, would appear as a negative bearing
stress when divided by the plate area.

b) Bearing stress profiles

Figures 6-22 to 6-24 present the profiles of ineasured bearing stress with depth in the
individual boreholes PL4, PL5 and PL6, respectively. Superimposed on each of these
figures are the measured average and range (minimum and maximum) of the six adjacent
CPT profiles of cone tip resistance. The thick horizontal lines at 3 m and 7 m indicate the
extent of the target zone for freezing, sampling and other in-situ testing at the site.

Clearly the first two tests in borehole PL4 had bearing stresses in the range of the minimum
to average CPT cone tip resistance (see Figure 6-22). However, much of the continuous
third test had bearing stresses that were smaller than the range in CPT cone tip resistance.
In particular, low bearing stresses were measured in the region of 7 m depth and 9.5 m
depth. Similar observations could be made in both boreholes PL5 and PL6 (sec
Figures 6-23 and 6-24, respectively). It appears likely that the plate load tests may be at
least partially undrained, particularly in the two zones of low measured bearing stresses.

Figure 6-25 summarizes the measured bearing stresses from the tt -ee boreholes, PL4, PL.5
and PL6 and compares th- results to the CPT profiles of cone iy iesistance. The zones of
low bearing stress appear to coincide in all three plate lc.ad «::. soreholes and have values
significantly lower than the measured CPT cone tip rosistance. Borehole PL4 extends 10 a
greater depth than the other two boreholes. At depths grcater than 11 m, the bearing stress
on the plate in PL4 appears to be within the range of measured CPT values, as both the
plate load test and the CPT detected the layer of clay shale at the base of J-pit.

¢) Processed field data versus depth

Figures 6-26 to 6-28 present profiles of bearing stress versus depth, pose pressure versus
depth, time versus depth and estimated undrained shear strength versus depth for the 6"
plate load tests in boreholes PL4, PL5 and PLG, respectively. The profiles of bearing
stress are identical to those in Figures 6-22 to 6-24. Superimposed over the pore pressure
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profiles for each test as a reference line is the approximate hydrostatic line based on a
groundwater table located at a depth of 0.5 m. The profiles of estimated undrained shear
strength were calculated by combining the profiles of bearing stress with Equation 6-3
(based on an N¢ of 9). Although this equation is only applicable to undrained conditions, it
was applied to the entire profile from each test to see what the results would be. Clearly the
most likely areas to be considered as possibly undrained during testing arc the two zones of
low measured bearing stress as indicated in the previous section.

As explained earlier, the first (7" diameter plate) and second tests in borehole PLA4 caused
the load capacity of the drill rig to be met without much displacement of the platc. The pore
pressures during these two tests decreased to values less than the hydrostatic reference line
while the plate was being pushed (see Figure 6-26).

As outlined previously, the third test in PL4 (Figure 6-26) and the tests in PLS
(Figure 6-27) and PL6 (Figure 6-28) were continuous over several metres. As discusscd
previously, the pore pressure measurements in PL4 and PL6 demonstrated similar trends,
while in PLS, the pore pressures behaved somewhat differently. In PL4 and PL6, porc
pressures increased in excess of the hydrostatic reference line every time the platc was
advanced and dissipated while the plate was stopped. The points of lowest measu: cd
bearing stress coincided with the highest measured excess pore pressures in both profiles.
Towards the bottom of PLA4, the excess pore pressures are a function of encountering
fine-grained material (clay shale). At depths of 6 m to 11 m, however, it is likely that the
high pore pressures are .. ~sult of at least partially undrained conditions being created in the
sand. This is probably a combination of plate size, rate of loading and amount of fincs in
the sand. As discussed earlier, in PL5, the measured pore pressurc profile appcar to be
inconsistent with the bearing stress profile, as compared to the results in PL4 and PL6. It
is unclear whether the pore pressure measurements truly reflect the pore pressurcs in the

ground during the test in this borehole or whether they are partially linked with the bearing
stress on the plate.

d) Estimated undrained strength profiles

Figures 6-26 to 6-28 also present the estimated profiles of undrained strength based on
combining the profiles of measured bearing stress with Equation 6-3. A groundwater table
located at approximately 0.5 m and average unit weights of 18.5 kN/m3 and 19.5 kN/m?3
for the soil above and below the groundwater table, respectively, werc used o compute the
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total stress term in Equation 6-3. Zones of low estimated undrained strength occurred
when the measured bearing stress was low, which as explained above, generally occurred
when excess pore pressures were high. Based on an N¢ of 9, undrained strengths less than
50 kPa are predicted in these zones. However, for reasors outlined earlier, an N¢ less
than 9 may be more appropriate; this would result in higher estimated undrained strengths.

In a couple of locations, slightly negative undrained shear strengths were calculated when
Equation 6-3 was used {0 interpret the bearing stress data. This can not be correct and
would only result if the estimated total stress was larger than the measured bearing stress
(sec Equation 6-3). Some uncertainty in either term may be the cause of this error in the
calculated undrained shear strength. The likely lack of confinement as some soil squeezed
around the advancing plate may have decreased the measured bearing stress on the plate in
these regions. In addition, if there were a lack of confinement, the plate load test should
have been interpreted as if it were at the ground surface (i.e. with lower N values and
without subtracting the total stress term). In general, in the regions of low strength, the
values of estimated undrained shear strength using an N¢ of 9 are within the range
conventionally applied to liquefied sand (see the plot by Seed and Harder (1990) for
estimating undrained shear strengths from the SPT; Chapter S, Figure 5-1). However, for
reasons explained above, the actual undrained sirengths may be significantly larger.

Figure 6-29 summarizes the estimated undrained strengths from PL4, PL.S and PL6 over a
depth range of 6 m to 12 m. The lowest undrained strengths are predicted to occur from
6.5mto8m, 9to 10 m and in the region of 11 m. Using an Nc of 9, the lowest strengths
arc generally estimated to be in the order of 10 kPa; however, the actual values may be
significantly higher. The variation in estimated undrained strengths may reflect the fact that
the plate load testing appeared to be a mixture of undrained and drained penetration, as
indicated by the incicase and decrease of measured pore pressures relative to the hydrostatic
reference line. Hawever, the natural variability of the deposit (as reflected by the CPT
testing) is likely another contributing factor. Even if the plate load tests were all completely
undrained, variability in the estimated undrained strength profile would be expected as a
result of the inherent variability of the sand deposit. Chapter S illustrated that undrained
strength of a sandy soil can be very sensitive to its in-situ state. Consequently, it would
not be surprising to find that the profile of undrained strength in a sandy deposit would be
variable in nature. In addition, pre-peak estimates of strength are likely not reliable.

All of the estimated undrained strength profiles in Figure 6-29 were estimated using
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Equation 6-3. This involved assuming an N¢ of 9. Traditionally, the undrained shear
strengths associated with Nc=9 have been in rigid, perfectly plastic materials. However, if
a sand has a sufficiently loose state and is susceptible to flow liquefaction, it will be
strain-softening in its response to undrained loading. Insufficient testing and analysis has
been carried out at the Phase 11l site to investigate whether or not the sand is indecd

strain-softening. If it is strain-softening, the simple interpretation used here may not be
applicable.

Figures 6-30 and 6-31 present the profiles of Sy/o,' and Sy/p', respectively. In the zones
of low estimated undrained strength, the ratio Sy/oy' has a typical value of about 0.2, based
on an N¢ of 9. The profile of Sy/p' was determined from the profile of Sy/oy' assuming
that K, at the site has a value of 0.5. Therefore, the zones of minimum Sy/0'=0.2
correspond to values of Sy/p'=0.3. Chapter S explained that, based on critical state soil
mechanics, the theoretical maximum Su/p' for a sand that strain-softens to ultimate statc is
given by 0.5M. For typical soils Mc can range from 1.2 to 1.5 and Mg: can range from 0.9
to 1.0. These ranges correspond to a range in maximum Sy/p’' of 0.6 to 0.75 in triaxial
compression and 0.45 to 0.5 in triaxial extension. Therefore, the low points in the
estimated undrained strength profiles give strength ratios in the range typically considered
to apply to potentially liquefiable soils once they are triggered in flow liquefaction,
However, as discussed above, the interpretation applied here (using N=9) may not be

appropriate if the material is strain-softening or if a lack of confinement ariscs during the
plate load test.

6.5 Comparison with Other Measures of Undrained Shear Strength

Unfortunately, it is not possible at this time to compare the estimates of undrained shecar
strength from the second stage of rapid downhole plate load tests with other measures of
undrained shear strength at the site. Once the CANLEX project laboratory work and
analysis of the Phase IlI site is completed, such a comparison will be made. This may help
establish the appropriate N¢ values for the sand deposit.

To date, only limited testing of undisturbed (frozen) samples of sand from the sitc has been
performed. The few samples that have been tested strain-hardened in triaxial compression
and demonstrated limited strain-softening (to a QSS) in triaxial extension before
strain-hardening to ultimate state. Even when the testing of Phase 111 undisturbed samples

217



is complete, a direct comparison with the second stage of plate load tests will not be
possible. The frozen samples were all obtained in the 3 m to 7 m target zone (see
Figure 6-11), while the region in which the second stage of plate load testing appeared to
be possibly undrained was from 6 m to 12 m.

The flow liquefaction framework described in Chapter 4 will eventually be applied to the
laboratory and field data from the Phase I1I site. The results can then be compared with the
estimated undrained shear strengths from the second stage of downhole plate load testing.
However, an added complication at the Phase III site is that the results of the data review
for the Phase 111 site so far suggest that this sand is unusual, as compaied to the other
CANLEX sites. The average values of (N1)g0, Gc1 and Vs are all significantly smaller
than the values at the Phase | and Phase 1I sites. The integrated CPT method outlined in
Chapter 3 predicts a higher fines content at the Phase III site than at the other sites. Limited
laboratory testing to date supports this conclusion. Conventional or shear wave velocity
based interpretations of the (N1)60, gc1 or Vs profiles would predict significantly higher
void ratios than suggested by the undisturbed samples available to date. However,
geophysical logging predicts an average void ratio similar to the average void ratio of the
undisturbed samples a- ailable to date.

A possible explanatioa for the discrepancy in results at the Phase III site is that the SPT,
CPT and shear wav - ~elocity measurements were strongly influenced by the high fines
content and, hence, were controlled more by the skeletal void ratio at the Phase IlI site.
The void ratios estimaied for the undisturbed samples and predicted by the geophysical
logging are total void ratios. When the undisturbed sample total void ratios were corrected
to approximate equivalent skeletal void ratios based on the average fines content in the
target zone, the void ratio interpretations of the SPT, CPT and shear wave velocity
measurements had much better agreement with the undisturbed samples. The results seem
to indicate that skeletal void ratio may be a factor for sands with a high fines content.
Scanning electron microscopy has also shown that at least some of the undisturbed samples
from the Phase III site appear to have an unusual fabric due to the high fines content
(Hofmann, 1996). It will be interesting to carefully examine the results of testing
undisturbed samples to see if their response appears to be linked to skeletal or total void
ratios. It is unclear at this point whether skeletal or total void ratios would affect the results
of the plate load tests.
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6.6 Conclusions and Recommendations

The experimental program described in this chapter was clearly preliminary in naturc. The
above discussion indicates that interpreting results and estimating undrained shear strengths
from downhole plate load tests can be complicated, particularly if, as for this study, the
tests are not conventional plate load tests, but continuous penetration tests. If the soil is
strain-softening in nature and/or a lack of confinement arises during the plate load test, the
interpretation procedure becomes more challenging. However, a simple analysis of the
results using Skempton's bearing capacity formula indicates that the downhole plate load
test appears promising as a potential in-situ test for estimating undrained strengths in sandy
soils. However, the undrained strengths can only be estimated using this formula when the
combination of rate of loading and the size of the plate is sufficient to produce undrained
loading and the soil behaves as a rigid, perfectly plastic material. Pore pressure
measurements are useful as an independent means of assessing whether a given plate load
test was drained or undrained. Studies by Charlie et al. (1993) investigating the potential
of the Piezovane™ for identifying sands that are susceptible to liquefaction have led to
similar conclusions; i.e. estimating the undrained strength of the sand is difficult, but the
type of soil (susceptible to liquefaction or not) can be identified based on an observed
increase or decrease in pore pressure during shear.

It would be interesting to conduct additional plate load tests in sandy dcposits for which
other methods of estimating or directly measuring the undrained strength have been applied;
e.g. any of the CANLEX sites. However, based on the conclusions of Chapter 5,
undrained strength is a response parameter that can be very sensitive to variability within a
deposit. Consequently, the resulting estimates of undrained strength from rapid downhole
plate load tests may be no better than estimates of undrained strength from other in-situ
tests using methods described in Chapter 5. What might be the most worthwhile test to
investigate in future studies is a large diameter CPT that can creatc undrained loading in a
sandy deposit. The effects of sand squeezing around the plate in a plate load test would not
be a factor in such a test. However, the loads required to push such a probe into the
ground may pose difficulties to conventional drill ngs.
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Figure 6-1 Plan of the detailed. :est site area at the CANLEX Phase III site (J-pit)
(modified from Iravani et al., 1996).
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4 Conductor cable to

/data acquisition system

Thread to drill string

Strain gauges (8)
arranged with 4 vertical
and 4 horizontal in a full
bridge configuration

i L4——— Load cell made from
] nominal 3" schedule 80
i seamless steel pipe
- (88.9 mm. 0.D. x68.4mm. 1.D)
e : Circuit board with
é _{ Kulite KH 102 amplifiers and
Terminals for load cell and
f § pressure transaducer
< >
3 {
| | Half of 3" pipe coupling
| ] welded to plate
4——25.4 x 152.4 mm.diameter steel plate
316 S.Steel .
Porous Fiiter Large Plate Bearlng

Test Assembly

Figure 6-6 Schematic outlining the details of the large diameter downhole plate
assembly, with built-in load cell and pore pressurc transducer.
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100 of fieldwork
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Load (kN)

40 - y = 87.144x - 150.95

R? = 0.9995
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0 0.5 1 1.5 2 2.5 3
Output (Volts)

(b)

120

100 - Field calibration

80 {
60 -

40 A
y = 19.746x - 2.0306
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Displacement (cm)

20 -

Output (Volts)

Figure 6-7 Calibration charts for the large diameter plate load tests for (a) the load cell
and (b) the displacement cell.

228



-soonpsuesl anssaxd asod s Jj s1s31 peof djeid 1ajawetp AFIe] YL 10) WLy uouRIGE)  g-1 udig

9

(s10A) mdinQ

Y ) st

666660 4

888¥50°0 N
266°LY LW
6L961- OW

JaBN t X8 T F X LW+ ON = A

08

001

(174}

opl

091

("edd) aunssaid

o



10

Circular or square

(B/L=1)
N\

%

& /
7

Nc 7 N
/ Strip (B/L = 0)
6 /
5'1,4 Chart is based on

5 the assumption that
the soil is rigid,
perfectly plastic

4

4] 1 2 3 4 5

b/B8

Figure 6-9 Recommended values of N¢ for undrained loading in saturated clays
(modified from Skempton, 1951).
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qc (MPa)
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Depth (m)

—CPT20
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—-~—-CPT23
—--—CPT26
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Figure 6-11 Summary of corrected CPT cone tip resistance profiles from all CPTs in and
near the detailed test site area at the CANLEX Phase 111 site (J-pit); test site
target zone for testing and sampling located from 3 m to 7 m, as indicated.
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Figure 6-12 Plotof the CPT data in the target zone at CANLEX Phasc HI site (J-pit) on
the soil behaviour type classification chart by Robertson (1990).
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Bearing Stress (MPa)
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Figure 6-13 Bearing stress versus depth measured during 4" (10 cm) diameter plate load
tests in borehole PL1.
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Bearing Stress (MPa)
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Figure 6-14 Bearing stress versus depth measured during 4" (10 cm) diameter plate load
tests in borehole PL2.
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Figure 6-15 Bearing stress versus depth measured during 4" (10 cm) diameter plate load
tests in borehole FS52.
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Bearing Stress (MPa)
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Figure 6-16 Bearing stress versus depth measured during 4" (10 cm) diameter plate load
tests in borehole FSS.
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Bearing Stress (MPa)

0 2 4 6 8 10
ate———=

E

=

=

2] — ~da

= !
—— Minimum CPT gc¢
--— Maximum CPT qc¢
—— Average CPT qc

13

Figure 6-22 Bearing stress versus depth measured during 6" (15 cm) diamcter plate load
tests in borehole PLA4: note the first test used a 7" (18 ¢cm) diameter plate.
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Figure 6-23 Bearing stress versus depth measured during 6" (15 cm) diameter plate load
tests in borehole PL.5.
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Figure 6-24 Bearing stress versus depth measured during 6" (15¢m) diameter plate load
tests in borehole PL6.
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Figure 6-25 Summary of bearing stress versus depth measured dvring 6" (15 cm)

diameter plate load tests in besst:oles PLA, PLS and PL6.
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Figure 6-29 Summary of profiles of estimated undrained shear strength (Sy) based on
N=9 for boreholes PL4, PL5 and PL6.
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Figure 6-30 Summary of profiles of estimated ratic of undrained shear strength 1o

vertica) effective stress (Sy/ov') based on N=9 for boreholes PLA4, PLS and
PLé6.
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Figure 6-31 Summary of profiles of estimated ratio of undrained shear strength to mean
normal effective stress (Sy/p") based on N=9 and K4=0.5 for boreholes
PLA4, PLS and PL6.
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Equation 3-5 in Chapter 3, an average fines content of 6.8 % would be predicted, on
average, in the target zone. Limited data is available at present regarding the grain size
distributions of the undisturbed samples. A comparison can be made once this information
becomes available. Preliminary information indicates that in-situ fines contents could be
slightly smaller, in the order of 2% to 5%. The maximum, minimum and average predicted
fines content profiles based on the CPT are shown in Figure 8-19b. It is interesting to note
that these profiles predict a reasonably uniform fines content (indicating a rcasonably
uniform maiterial) in the target zone.

Based on Equation 3-3 in Chapter 3, the average fines content of 6.8% would lead 10, on
average, a very small recommended correction of Aqc¢1=0.3 MPa to the (¢ profile o
produce a clean sand equivalent profile of cone tip resistance, (geq)es. Combining the
resulting clean sand equivalent profile with Equation 3-2 in Chapter 3, lcads to the
estimated CRR profile, as stiown in Figure 8-19¢c. Again, the maximum, minimum and
average profiles of estimated CRR are given. Superimposed on Figure & 19¢ arc solid dots
representing the results of cyclic simple shear testing on undisturbed samples from the
Massey site target zone. Both the estimated profile of CRR and the undisturbed sample
CRR values are for Magnitude M=7.5 earthquakes (N=15 cycles). The estimated profile of
CRR agrees well with the undisturbed samples tested 1o date, indicating a reasonably
uniform average CRR of approximately 0.1 in the target zonc. The standard deviation of
1.00 MPa for qc1 measurements in the target zone translates into a fairly small range in
cstimated CRR of approximately + 0.01.

The soil classification data presented in Figure 8-9 can be comparcd with the soil
classification chart methods of predicting CRR by Olsen and Koester (1995) and by Suzuki
et al. (1995), as described in Chapter 3 (sec Figures 3-14 and 3-15, respectively). Each of
the three soil classification charts normalize cone tip resistance in a different manner, but
for vertical effective stresses close to the reference atmospheric pressurc of 10X) kPa (as is
the case at the Massey site), the threc methods are very similar. The values on the cone tip
resistance axis on the Robertson (1990) chart and the Olsen and Koester (1995) chart will
be approximately equal (both axes are dimensionless). However, the values on the cone tip
resistance axis on the Suzuki et al. (1995) will be approximately one tenth of the values on
the Robertson (1990) chart, duc to differences in units (the Suzuki ct al. (1995) axis is in
units of MPa, while the Robertson (1990) axis is dimensionless). The Olsen and Kocster
(1995) method would predict a similar average CRR of about 0.1 in the Massey site target
zone. The Suzuki et al. (1995) method would probably also predict an average CRR of
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about 0.1 in the target zone (only contours of CRR=0.15 and CRR=0.25 are given on the
Suzuki et al. (1995) plots, so some judgement is required).

For design purposes, the expected earthquake-induced cycle stress ratio (CSR) profile
could be superimposed over Figure 8-19¢. If there were large zones over which CSR is
significantly larger than CRR, potential deformations could be estimated by predicting post
cyclic liquefaction shear and volumetric strains using the method by Ishihara (1993), as
described in Chapter 3 (see Figure 3-10). If there were only limited zones over which
CSR>CRR, these zones should be investigated in greater detail because the CPT methods
of predicting CRR likely contains some conservatism due to the selection of average values
to produce the correlations.

The in-situ CRR can also be estimated from the SPT data in the target zone at the Massey
site. The average (Nj)go in the target zone was 10.3 (SD=3.8). The estimated fines
content at Masscy of 6.8% is such that the sand is close to being classified as a clean sand
(FC < 5%:) by the Seed et al. (1985) methodology (i.e. the recommended correction to
(N1)60 would be small). The clean sand relationships between CRR and SPT (Nj)go by
both Secd ct al. (1985) and Fear and McRoberts (1995) described in Chapter 2 (sec
Figures 2-1 and 2-8, respectively) would predict an average CRR slightly greater than
0.10 based on the average (Ni)eo of 10.3 in the target zone at Massey. However, the
standard deviation of 3.8 for (N )60 measurements in the target zone translates to a large
range in predicted CRR of at least + 0.05.

The shear wave velocity measurcments in the target zone at the Massey site can also be
uscd to estimate the in-situ CRR. The average Vg1 in the target zone was 168 m/s
(SD=6.4 m/s). The relationship between CRR and V51 by Robertson et al. (1992)
described in Chapter 3 (see Figure 3-17a) would predict an average CRR of approximately
0.19 based on the average V) of 168.2 m/s; this is significantly higher that the results of
laboratory testing on undisturbed samples. However, the shear wave velocity correlation
based on the recent NCEER Workshop (1996) discussions, as described in Chapter 3 (see
Figure 3-17b), gives an estimated CRR of approximately 0.1, agreeing much better with
the results of laboratory testing. The standard deviation of 6.4 m/s for Vs; measurements
in the target zone translates into a much smaller range in predicted CRR (approximately
%+ 0.02) than the standard deviation in (N)go does.
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8.7 Discussion
8.7.1 Data review results compared with other CANLEX sites

Table 8-6 compares the results of the data review at the Massey and Kidd sites with the data
review that has been performed at Phase | and Phase 111 of the CANLEX project. Detailed
descriptions of the Phase I and Phase 111 data reviews, as well as the detailed data review of
the Kidd site will be contained in CANLEX Project final reports. All of the values in Table
8-6 are given as the overall average in the target zone at cach sitc; for some parameters, the
overall standard deviation is also given. Index parameters for the four sites were given in
Table 8-1. Grain characteristic parameters for the four sites were given in Table 8-2.

Overall, the target zone at the Kidd site had higher average values of (N1)60. 4e1. ind Vi)
than the target zone at the Massey site. This is likely partially due to aging cffects. The
scatter in SPT, CPT and shear wave velocity data (as represented by the standard
deviations) was similar at the two sites. The Massey and Kidd sites had similar average
valucs of Y, while both the average X and the average qc1/(N1)60 were smaller at Kidd
than at Massey. Similar average fines contents were predicted at cach site using the
integrated CPT method described in Chapter 3. Actual fines content data from undisturbed
samples are still required to check the accuracy of these predictions. The average void ratio
predicted by the geophysical logs is closer to the average of the undisturbed samples tested
to date at the Massey site. At the Kidd sitc, the geophysical logging appcars to significantly
underpredict the average void ratio. However, as reported by Lawrence ct al. (1995), the
geophysical logs at Kidd were not of the same quality as at Masscy. The average void ratio
at Massey appears to be higher than the average void ratio at Kidd. However, additional
undisturbed samples at both sites, particularly Kidd (at which only six sample void ratios
are available to date) are required to confirm the average valucs. Since samples were
initially selected with the goal of attempting to test the looscst samples first, the actual
average void ratio at each site may be slightly less than the average value to date, as given
in Table 8-6.

The data review results for the Phase I (Syncrude) site are also presented in Table 8-6. The
target zone at the Phase I site was located at a much greater depth than the target zone at
either of the Phase II sites. The average (N1)6o and qc3 were higher than cither of the
Phase II sites. However, the average Vg3 was lower than cither of the Phase I sites. The
scatter in SPT and CPT data at the Phasc | site was similar to the scatter at both of the
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Phase I1 sites. The shear wave velocity data, however, was much more scattered than the
shear wave velocity data at either of the Phase II sites, with the standard deviation being in
the order of 20 m/s compared to 5 to 6 m/s at the Phase 11 sites (see Table 8-6). This
suggests that the shear wave velocity measurements at the Phase | site either have more
variation or are less reliable than at the Phase II sites. The fact that the standard deviations
for thec CPT are similar at both the Phase 1 and II sites suggests the latter. The average
value of qc1/(N1)e0 at the Phase I site was similar to that at the Kidd site, while the average
values of both Y and X at the Phase I site were much smaller than at either of the Phase II
sites. In addition, the values of Y and X were more scattered at the Phase [ site (indicated
by the larger standard deviations). Both Y and X at the Phase I site were likely strongly
influenced by the lower values of shear wave velocity which high a high degree of scatter.
Gceophysical logging at the Phase I site predicted a similar average void ratio to the average
of the undisturbed samples available to date. As for the Phase II sites, the actual average
void ratio at each site may be slightly less than the average value to date shown in
Table 8-6, because sampies were initially selected with the goal of attempting to test the
loosest samples first. An average fines content of 12.4% was predicted at the Phase I site,
using the integrated CPT method described in Chapter 3. To date, grain size distributions
for undisturbed samples have indicated a smaller average fines content in the order of 5%.
However, more data is required before any firm conclusions can be made. In addition, the
method outlined in Chapter 3 proposed tentative relationships to estimate fines content.
The method will be updated as additional data become available; in addition, Chapter 3
recommended that the equations given in the method were general and might require site
specific modifications.

Table 8-6 also presents the summarized data review results available to date from the Phase
111 (J-pit) site. The target zone at the Phase III site is shallower than the target zones at the
Phase I and Il sites. The Phase III site is also the youngest deposit of the four sites,
consisting of freshly placed (< 1 month old) Syncrude sand tailings. The results of the data
review for the Phase 111 site suggest that this sand is unusual, as compared to the other
sites. The average values of (N1)60, qc1 and Vg are all significantly smaller than the
values at the Phase I and Phase 11 sites. In general, the SPT, CPT and shear wave velocity
measurements also appear to be more consistent (i.e. less scattered) that at the other sites.
The average values of Y, X and q¢1/(N1)6o do not appear unusual and are in the same range
as the values for the other sites. The integrated CPT method described in Chapter 3
predicts a higher fines content at the Phase III site than at the other sites. However, actual
fines content data from undisturbed samples are required to check the accuracy of these

354



predictions. Conventional or shear wave velocity based interpretations of the (N1)60. Gt
or Vg1 profiles would predict significantly higher void ratios than suggested by the
undisturbed samples available to date. However, geophysical logging predicts an average
void ratio similar to the average void ratio of the undisturbed samples available to date.

A possible explanation for the discrepancy in results is that the SPT, CPT and shcar wave
velocity measurements were strongly influenced by the high fines content and, hencee,
possibly the skeletal void ratio at the Phase III site. The void ratios estimated for the
undisturbed samples and predicted by the geophysical logging arc total void ratios. When
the undisturbed sample total void ratios were corrected to approximate cquivalent skeletal
void ratios based on the average fines content in the target zone, the void ratio
interpretations of the SPT, CPT and shear wave velocity mcasurements had much better
agreement with the undisturbed samples. Further details of this analysis will be provided
the Phase III data review report. The results scem to indicate that skeletal void ratio may be
a factor for sands with a high fines content. Scanning electron microscopy has also shown
that at least some of the undisturbed samples from the Phasc 111 sitc appcar to have an
unusual fabric due to the high fines content (Hofmann, 1995). It will be interesting to
carefully examine the results of testing undisturbed sampiles to scc if their response appears
to be linked to skeletal or total void ratios.

8.7.2 Estimated response
a) Flow liquefaction

Table 8-7 summarizes the average state of Fraser River sand in the target zonce at the
Massey site, based on the undisturbed samples available to date. The average RSR of 0.29
was estimated by combining the average effective stresses at the mid-depth of the target
zone at each site and the overall average void ratio of all undisturbed samples available to
date, as summarized in Table 8-6. In genecral, as discussed previously, interpretation of the
in-situ testing signatures appears to predict similar average states over most of the targct
zone at each site. However, both in-situ testing and undisturbed samples have indicated
that there may be layers with the target zone having significantly higher values of RSR
(i.e. looser). Based on the average predicted RSR at the Masscy sitc, Tablc 8-7 presents
the corresponding estimated values for the various components of responsc described in

Chapter 4 (see Figures 4-15 and 4-16), for triaxial compression and extcnsion,
respectively.
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Brittleness index (Ig) and axial strain at minimum strength (€;3) were estimated based on
Equations 8-1 and 8-2, respectively; i.e. the laboratory based relationships based on testing
at the Massey site. The ultimate values of M were assumed to be approximately (Mp)c=1.5
and (Mr)E=1.0, for triaxial compression and extension, respectively, based on the results
of the laboratory testing at the Massey site, discussed previously. Based on the limited
testing to date on urndisturbed samples of Fraser River sand, Ig=0 for triaxial compression
loading indicates that the material would strain-harden in triaxial compression.
Conscquently, Spin, Sp and Sy will all be equal and can be estimated by combining
Equation 4-28 in Chapter 4, which estimates the theoretical S¢/p;', with the average (Mp)c
and p'j. The value of p's can be estimated by combining Sg and My (see Equation 4-15 in
Chapter 4) and will be equal to both p'mjp and p'p. Axial strain at minimum strength is not
applicable for strain hardening material. In triaxial extension, Spin can be estimated by
combining Equation 4-29 in Chapter 4, which estimates the theoretical Spin/p'i, With the
average pYj. Sp can be estimated by combining the estimated Ig and Spin with the average
Si (=qi/2) and the triaxial extension formula for brittleness index (see Equation 4-27a in
Chapter 4). Sy can be estimated by combining Equation 4-28 in Chapter 4, which estimates
the theoretical S¢/p;', with the average (MpE and p'i. The value of p'min can be estimated
by combining Smin and Mpin (see Equation 4-16 in Chapter 4), assuming that Mp,in=Mp.
The value of p', can be estimated by combining Sp and Mp,. Using the plots of M, versus
RSR for Masscy as a reference (see Figure 8-14c), an average M, of 0.75 was selected for
triaxial extension based on the average RSR values of 0.24 to 0.29 calculated for the Phase
Il sites. The value of p'f can be estimated by combining Sy and M.

Included in Table 8-7 are the average corrected values of SPT and CPT penetration
resistance and shear wave velocity measurements. The correlation parameters between the
three tests (i.e. Y, X and qc1/(Ny)eo) are also given. As a guide to estimating in-situ
response to undrained monotonic loading, the average values of (N1)e0, qc1 and V) can be
linked to the average response in triaxial compression and triaxial extension at each site.
The averaged values of (N})60, Gc1 and V) were all higher at Kidd than at Massey; this is
likely partially a result of aging. The average RSR at the two sites are reasonably similar;
consequently, the estimated components are somewhat similar, although higher strengths
are predicted at Kidd because RSR is slightly smaller. The methods of estimating the
undrained strength are sensitive to RSR, as is indicated by this comparison. However, the
methods can be useful in estimating the overall average and general range in response at a
given site.
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Based on the summary presented in Table 8-7, Figure 8-20 illustrates how average 4-p'
stress paths and S;-g, stress-strain curves for Fraser River sand in the target zone at cach

Phase I1 site can be back-calculated by combining the individual components of FCSpONse
estimated from the average statc in the target zonc at each sitc. Avcrage stress paths and
stress-strain curves are shown for both triaxial compression and triaxial cxtension
directions of loading. The stress path curves were estimated by sketching a line through
the points (p'i, qj), (P'p» 9p)s (P'min. Qmin). and (p'r, qr), as summarized in Table &-7,

using, as a reference, some of the actual stress paths plotted for undisturbed samples with
similar values of RSR tested in the laboratory. Obviously some artistic licenee has been
used to create these figures and they are shown primarily for illustrative purposes. The
stress-strain curves were estimated by sketching a linc through the points (S;, (£ );=0),
(Sp, (€a)p)> (Smin» (Eddmin), and (Sr, (€3)p), as summarized in Table 8-7. The triaxial

compression stress-strain curves arc shown to strain-harden directly to ultimate state; the
shapes of the curves were drawn using, as a reference, some of the actual stress-strain
curves plotted for undisturbed samples with similar valucs of RSR tested in the laboratory.
For the triaxial extension stress-strain curves, (€a)p was cstimated to have a value of
approximately 0.25%, based on laboratory results. The valuc of (£)min for the triaxial
€xtension stress-strain curves was estimated by adding half of the axial strain estimated (o
occur while at minimum strength to the valuc of (€a)p. For both triaxial compression and
extenson tests, (Ea)r was set equal to 20%. This is typically the limit to which laboratory
tests are taken; however, the actual ultimate strength likely occurs at larger strains, as
indicated by the fact that many of the undisturbed samples were still strain-hardening
towards their respective ultimate states when the triaxial tests were stopped.

b) Cyclic softening

Included in Table 8-7 is a summary of the integrated CPT mecthod for estimating CRR,
described in Chapter 3, as applied to the average CPT data in the target zone at cach of the
Phase II sites. The average I classifies the soil in the target zone at the Massey site as a
sand (clean sand to silty sand) since 1.31 < I¢ < 2.05 (sce Chapter 3, Table 3-1). The
standard deviation is small, indicating a fairly uniform target zone, in terms of soil
classification. Similar average fines contents of approximately 7% arc predicted for the
target zone at the Massey site. The resulting average recommendced correction to CPT
penetration resistance, Aqcj, is very small. In the target zone, when the average Aqey 18
added to the average corrected qc1, an average CRR of approximatcly 0.10 is estimated.
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Since the Massey soil deposit is considered to be fairly uniform in the target zone, a fairly
uniform avcrage CRR of 0.10 would be expected throughout much of the target zone at
cach site. This was clearly shown in Figures 8-19.

Included in Table 8-7 are the average corrected values of SPT and CPT penctration
resistance and shear wave velocity measurements. The correlation parameters between the
three tests (i.c. Y, X and q¢1/(N1)eo) are also given. As a guide to estimating in-situ
response to undrained cyclic loading, the average values of (Nj)e0, Gc1 and Vsi can be

linked to the average estimated CRR at each site. It is of interest to compare the value of
CRR that other existing metkods would predict from the average in-situ testing with the
average value estimated using the integrated CPT approach. The estimated fines content at
Masscy of 6.8% is such that the sand is close to being classified as a clean sand (FC < 5%)
by the Sced et al. (1985) methodology (i.e. the recommended correction to (N1)60 would
be small). The clean sand relationships between CRR and SPT (Nj)e0 by both Seed et al.
(1985) and Fear and McRoberts (1995), as described in Chapter 2 (see Figures 2-1 and 2-
8), would predict an average CRR slightly greater than 0.10 based on the average (N))go of
10.3 in the target zone at Masscy. However, the relationship between CRR and Vsl by
Robertson et al. (1992), described in Chapter 3 (see Figure 3-17a), would predict a higher
average CRR of approximately 0.19 based on the average Vg of 168.2 m/s. However, as
discussed carlier, the shear wave velocity correlation based on the recent NCEER
Workshop (1996) discussions, as described in Chapter 3 (see Figure 3-17b), gives an
estimated CRR of approximately 0.1, agreeing much better with the results of laboratory
testing. As previously discussed, for the average values of Q and F at both Phase I sites,
the soil classification based method by Olsen and Koester (1995), described in Chapter 3
(see Figure 3-14), would predict an average CRR of approximately 0.075, similar to the
value of 0.10 predicted by the integrated CPT method.

8.8 Summary and Conclusions

Consistent frameworks for evaluating the potential for both cyclic softening and flow
liquefaction have been proposed in Chapters 3 and 4 as a means of interpreting and
comparing various field and laboratory data and linking the observed response in the
laboratory to in-situ test results. The suggested framework for evaluation of flow
liquefaction potential is based on estimating values of RSR for laboratory samples and
in-situ field conditions, relative to a reference USL established by laboratory testing, as
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described in Chapter 4. RSR provides the link between in-situ testing signatures and
response to undrained monotonic loading obscrved in the laboratory. The sugpested
framework for evaluating cyclic softening potential is based on an integrated CPT approach
described in Chapter 3.

Applying the two frameworks to the Massey site in this chapter has led to the gencral
conclusion that in the target zone the site is, on average, essentially non-susceptible to flow
liquefaction. If a suitable trigger resulted in undrained monotonic loading, most of the
target zone at the sitc would respond in a non-brittle, strain-hardening manner in triaxial
compression and could exhibit a temporary loss in strength with minimum associated axial
strains in triaxial extension before strain-hardening. Some specific zones at the Massey
site would require further investigation for design purposes to cvaluate the continuity of the
looser layers. When subjected to cyclic loading, the target zones at the Masscy site would
have an average M=7.5 equivalent CRR of approximately O0.1. Cyclic liquefaction and
subsequent deformations =% %. 2 a problem if the carthquake induced CSR exceeded
this resistance.
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Table 8-1: Index parameters for CANLEX sites
Parameter Phase 1| Phase ]I Phase IIX Ticino
(Fraser River Sand) Sand*
Syncrude Massey Kidd J-pit
Approx. age 30 200 4 000 1 month < 1 week
of deposit years years ** years **
Target Zonc 271037 8to13 12017 307 -
Depth (m) (Elev. 325m
to315m)
Depth to 21 1.5 1.5 0.5 -
GWT (m)
v (kN/m3)
above GWT 18.5 18.5 18.5 18.5 -
below GWT 19.5 19.5 19.5 19.5
Mineralogy 90% quartz. 70% quartz, 70% quartz. 95% quartz.
5% feldspar 15 % feldspar 15 % feldspar assumed to 5% feldspar
(of silt size 5% kaolinite 5% mica 5% mica be the same
fraction of soil) 5% kaolinite 5% kaolinite as Phase |
5% chlorite & | 5% chlorite &
smectite smectite
Grain Size 2.22 2.14 2.5 not presently 1.13 "
Cu (I60/D10) (0.2/0.09) (0.30/0.14) (0.35/0.14) available (0.65'0.40)
Average FC 12 3 6.8 10 < 5%
(%) from SPT
s 0.958 1.102 1.077 0.901 0.89
Cmax ’ AY= : (FC=4%-10%) :
0.986
(FC=10%-40%)
emin$ 0.663 0.715 0.715 0.579 0.52
n ' ' ' (FC=4%-10%) o<
0.461
(FC=10%-40%)
Gsg 2.66 2.68 2.72 2.62 2.67
Ko*** 0.5 0.5 0.5 0.5 -
Notes:
x

**  Monahan et al. (1995)

XK %

Calibration chamber studies (Baldi et al., 1986)

estimated from pressuremeter testing results

§ all values of emax and emin were determined by U. of A., except those for Phase I
which were determined by UBC
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Table 8-2:

Grain characteristic parameters for CANLENX sites

Parameter Phase 1 Phase 11 Phase 111
(Fraser River Sand)
Syncrude Massey Kidd J-pit
r 0.919 (€>0.829) | 1.071 (¢>0.979) | 1.071 (¢>0.979) | 0.919 (¢>0.829)
1.920 (e<0.829) | 1.80 (€<0.979) 1.80 (¢<0.979) | 1.920 (¢<0.829)
Aln 0.015 (e>0.829) | 0.0165 (€>0.979) | 0.0165 (¢>0.979) | 0.015 (c>0.829)
0.182 (€<0.829) | 0.1477 (€<0.979) | 0.1477 (¢<0.979) | 0. 182 (¢<0.829)
Il ax 311 311+0) | 317(295+22) | 325(295+30) | 311311+ 0)
B 188 143 143 188
Notes:

* a (b + c), where a = estimated value for the deposit in-situ; b = value determined from
testing young reconstituted samples in the kaboratory; ¢ = correction to account for aging
effects in-situ, based on the work by Robertson et al. (1995)
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Table 8-6:

Summarized results of data review:

average values of soil

parameters in the target zone at CANLEX sites

Parameter Phase 1 Phase 11 ?‘has:T T
Syncrude Massey Kidd J-pit
[; get Zone 27 t0 37 81013 1210 17 3107
I Depth (m) (Elev. 325-315)
In-situ_testing results:
(N1)so 18.2 (SD=3.0) 10.3 (SD=3.8) | 17.2 (SD=4.8) 3.4 (SD=2.0)
gc1 (MPa) 7.46 (SD=1.69) | 5.34 (SD=1.00) | 6.53 (SD=1.82) | 2.35 (SD=1.53)
Vs1 (m/s) 156.4 168.2 (SD=6.4) | 177.4 (SD=5.4) | 127.1 (SD=3.0)
" (SD=20.1)
Y 95.5 (SD=12.1) | 110.2 (SD=4.6) | 110.8 (§SD=5.0) { 101.1 (SD=5.9)
“;( 75.0 (SD=8.6) | 94.7 (SD=7.7) | 88.4 (SD=6.1) | 88.0 (SD=5.6)
c1/(N1)60 0.42 (SD=0.15) | 0.58 (SD=0.17) | 0.45 (SD=0.07) | 0.51 (SD=0.25)
e 0.787 0.991 0.776 0.736
B e (SD=0.052) | (SD=0.071) | (SD=0.064) | (SD=0.091)
FC (%) 12.4 6.8 6.7 14.9
predicted by
CPT
Frozen samples tested to date:
FC (%) 5.1 =2t08 =3t08 =10t0 15
(range: 1.81011.1)
e 0.769 0.976 0.908 0.761
(SD=0.036) (SD=0.046) (SD=0.040) (SD=0.059)
Dx (%) * 65 31 48 43
wEE - 0.063 - 0.024 - 0.086 -0.104
RSR#=# 0.59 0.29 0.24 0.06
Notes:

Values for parameters are shown as the average in the target zone (SD= standard deviation)

%k %

* calculated using enax and ey, in Table 1-3 (FC=10-40% used for Phasc I1I)
relative to the flat portion of the appropriate reference USL; see Table 1-4

*x* relative to the appropriate reference USL (see Table I-4); calculated from average ¢ of
frozen samples and average estimated p' in target zonc
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Table 8-7: Predicted average response at the Massey site based on

average values of soil parameters in the target zone

Parameter

Average value at Massey Site

Flow liquefaction

F

Ic

Soil behaviour type

FC (%)

Aqc1 (MPa)

CRR (M=7.5; N=15 cycles)
Note:

Values for parameters are shown as the average in the target zone (SD=standard deviation)

Depth (m) 10.5
GWT(m) 1.5
‘ Unit weight of soil (kN/m3) 18.5 (above GWT)
‘ 19.5 (below GWT)
in-situ o'yj (kPa) 115
in-situ K, 0.5
in-situ o'p; (kPa) 57.5
in-situ pj (kPa) 76.7
l in-situ qj (kPa) 57.5
in-situ e 0.976
in-situ p'ys 264.8
in-situ RSR 0.29
Average Response Compression Extension
Ip 0.03 0.05
Smin/P'i 2.6 0.02
| €, (%) at Sypin N/A 4.8
S¢/p'i 2.6 1.7
M 1.5 0.75
Mp 15 1.0
Smin (kPa) 199.4 1.5
P'min (kPa) 265.9 3.0
SP (kPa) 199.4 3.09
Pp (kPa) 265.9 8.2
S¢ (kPa) 199.4 130.4
p'r (kPa) 265.9 260.8
In-situ Testing
(NDeo 10.3 (SD=3.8)
qc1 (MPa) 5.34 (SD=1.00)
Vs1 (m/s) 168.2 (SD=6.4)
Y 110.2 (SD=4.6)
X 94.7 (SD=7.7)
1 9c1/(N1)60 0.58 (SD=0.17)
Cyclic liquefaction
49.4 (SD=9.9)

0.398 (SD=0.089)
1.962 (SD=0.085)
clean to silty sand

6.8

0.30

0.10
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Burrard
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RICHMOND

DELTA
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4 8 12

SCALE (KILOMETRES)

Figure 8-1 Location of CANLEX Phase II Massey and Kidd sites in the Fraser River
Deha, B.C. (modified from Lawrence et al., 1995).
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Figure 8-9 Plot of the CPT data in the target zone at the Massey site (8 m 1o 13 m) on
the soil behaviour type classification chart by Robertson (1990).
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Figure 8-10 Comparison at the Massey site of the state parameter method by Been and
Jefferies (1992) and the field observation method by Sladen and Hewitt
(1989) for estimating flow liquefaction potential based on CPT results.
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Figure 8-11 Estimation of state parameter in the target zone at thc Massey site using the
method by Plewes et al. (1992) based on estimated contours of state
parameter on a soil behaviour type classification chart.
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Figure 8-12 Enlarged plot of shear wave velocity based interpretation of void ratio from
the CPT from Figure 8-8(a) illustrating the types of laboratory tests that
werc conducted on frozen samples from the Massey site (D=drained test).
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Figure 8-16 Comparison between laboratory conditions (termed lab) and estimated
in-situ conditions (termed field) for frozen samples from the Massey site:
(a) comparison of €ah and efield, (b) comparison of RSRyah and RSRfield.
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CHAPTER 9

GENERAL DISCUSSION AND CONCLUSIONS

9.1 Overview

As described in Chapter 1, liquefaction of sandy soils can have significant financial,
environmental and human impacts. Observable surface fcatures can range from sand boils
to catastrophic flow failures, depending on the type and extent of liquefaction that occurs.
Liquefaction phenomena have been divided into two main types, after Robertson (1994)
and Robertson and Fear (1995), as defined in Chapter 1. Cyclic softening (liqucfaction)
generally occurs in level to gently sloping ground in which shear stress reversal can oceur,
but may also occur in and around soil structures and buildings. Deformations associated
with cyclic softening occur only during the cyclic loading and accumulate with additional
cycles of loading as a consequence of a loss in soil stiffness. Flow liquefaction occurs
only in strain-softening soil, provided that a trigger mechanism (static or cyclic) causes the
soil to strain-soften. Flow liquefaction generally occurs in sloping ground in which the
driving stresses are larger than the resulting ultimaic or minimum undraincd shear strength
of the soil. Deformations can be catastrophic (i.e. flow failures) if the soil structure
contains sufficient strain-softening material relative to strain-hardening matcrial and il the
geometry is such that a kinematically admissible mechanism can develop.

9.2 Evaluation of Cyclic Softening Potential

The most reliable method of estimating cyclic resistance of sandy soils in the laboratory is
by testing high quality undisturbed samples under the appropriate cyclic loading. In-situ
ground freezing and subsequent coring has recently becn successful in obtaining such
samples at several sites as part of the CANLEX project (Hofmann ct al., 1994; 1995).
However, in-situ ground freezing technology is expensive and would typicaily be limited to
high risk projects for which the consequences of failure can be enormous and large
financial decisions must be made. Consequently, methods for estimating cyclic resistance
based on less expensive in-situ tests are required. Conventionally, SPT-based methods
have been used; recently, CPT and shear wave velocity based methods have been
developed. Seismic CPT probes pravide shear wave velocity measurements in addition 1o
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conventional CPT data. Thus, the seismic CPT provides a useful technique for evaluating
cyclic softening (liquefaction) potential based on two independent profiles. If there is not
consistency in the evaluation of cyclic softening (liquefaction) potential, soil samples
should be obtained to evaluate grain characteristic parameters. Whether or not a sandy soil
deposit is susceptible to cyclic softening (liquefaction) is a function of both the sand
characteristics (such as density, stresses, amount of fines, plasticity of fines) and the size
and duration of cyclic loading.

9.2.1 Simplified "Seed" methodology

The late Professor H.B. Seed and other researchers at the University of California,
Berkceley, developed a simplified method for evaluating cvclic softening (liquefaction)
potential of sandy soils based on SPT in-situ testing (Seec: et al., 1985; Seed and Harder,
1990). The primary advantage of this method is that it is easy to understand and relatively
casy to apply. At the time that the method was developed, there was a largc database of
SPT data and, hence, the SPT was the best in-situ test to use to estimate the cyclic
resistance of a sandy soil. Various corrections were proposed by Seed (1987), Seed et al.
(1985) and Seed and Harder (1990) for fines content, sloping ground conditions and high
overburden stress stresses.

As illustrated in Chapter 2, the Seed methodology generally provides a conservative
estimate of cyclic softening (liquefaction) potential because the case records in the database
were generally assigned average representative (Nj)go values; however, the method is
typically applied to the entire (N1)go profile at a site. The revised database presented in
Chapter 2, based on a minimum representative (N1)eo approach for each case record gives
less conservative correlations, particularly at higher values of (Nj)go. The resulting
correlations (see Figure 2-8 in Chapter 2) are more similar to the limiting shear strain values
associated with liquefaction, developed by Seed et al. (1985) and shown in Figure 2-11 in
Chapter 2. A very important point to reiterate is that the database of case records was
developed based on Holocene age deposits, level to gently sloping ground, equivalent
magnitude M=7.5 earthquakes, and depths ranging from 1 to 14 m (3 to 47 f1), but
generally (i.e. 90% of the case records) less than 10 m (32 ft). Hence, caution should be
exercised when extrapolating the correlation to conditions outside of this range. Experience
has shown that the corrections for sloping ground and high overburden stress conditions
are not always reliable; e.g. at Duncan Dam (Byrne et al., 1994). In addition, the
phenomenon of flow liquefaction is often of greater concern in large sloping structures and
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the resulting deformations can be more catastrophic. Therefore, extrapolation of the
correlations based on cyclic softening (liquefaction) in level ground to the evaluation of
large sloping structures does not sccm appropriate.

For low risk, small scale projects in level 10 gently sloping ground, the SPT-based
simplified Seed methodology is useful and gencrally conservative. The SPT sampler
provides soil samples which can be used to estimate fines content and apply the fines
content corrections recommended by Seed (1987). However, many factors can aftect the
measured SPT penetration resistance (Skempton, 1986; Robertson et al., 1983). The two
most important factors are effective overburden stress and the encrgy delivered to the SPT
sampler, expressed in terms of rod energy ratio (ER), in percent. A vertical effective stress
of 100 kPa and an ER of 60% are generally accepted as the reference values 1o use to
correct the measured blowcount to an (N)gp value (Seed et al., 1985; Robertson and Fear,
1995). Itis very important to carefully ineasure the ER during the actual sitc investi gation,
if possible, in order to obtain a reliable mcasure of corrected SPT pencetration resistance.
Global values of ER are available for various SPT hammer/anvil systems and methods of
hammer release and ER at a site is often assumed based on these global values (Sced ct al.,
1985). However, these values arc only a guide and site specific values may differ
significantly from the global values.

9.2.2 Integrated CPT approach

The SPT has many inherent difficulties and often poor repeatability. Consequently,
CPT-based methods of estimating cyclic resistance have been developed and the database
of available case records is continually growing. The CPT has the advantage that, not only
is it generally more repeatable and reliable than the SPT, but it also provides a continuous
profile of soil stratigraphy. Chapter 3 presented a new, integrated CPT mcthod for
evaluating the cyclic softening (liquefaction) potential of a sandy soil deposit. Although the
CPT does not provide soil samples like the SPT does, the integrated method demonstrates
that grain characteristics such as fines content can be estimated from the CPT data in order
to correct the measured penetration resistance for fines content. Increasing fines content is
generally associated with increasing compressibility and, therefore, decreasing penetration
resistance. Once the in-situ penetration resistance is corrected for overburden cffects and
fines content, the corrected clean sand equivalent penetration resistance can be used to
estimate the cyclic resistance of a soil, based on the modified Robertson and Campanella
(1985) correlation proposed by the recent NCEER Workshop (1996), as described in
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Chapter 3.

The integrated CPT method proposed in Chapter 3 is broken down into its individual
components such that site specific modifications can be made, if necessary. The integrated
CPT method is easily applied to CPT results using a spreadsheet. The equations
representing the various components of the method can be used and can be easily modified
to suit any site specific conditions that differ from the recommended relationships. For
high risk projects, both the fines content and cyclic resistance estimations can be checked
on a site specific basis by obtaining and testing undisturbed samples under the appropriate
cyclic loading. For moderate risk projects, the fines content estimations based on the CPT
can be checked on a site specific basis from bulk samples. The various components of the
integrated CPT method proposed here can be combined and summarized on a CPT based
soil classification chart, as demonstrated in Chapter 3 (see Figure 3-16). Thus, for low
risk projects, the method can be applied directly.

The integrated CPT method is also based around the simplified Seed methodology. The
original Robertson and Campanella (1985) method of estimating cyclic resistance from the
CPT was based on SPT-CPT conversions, although the proposed correlation is now based
on cxtensive field observations. Thus, an important feature to recognize is that, as for the
Sced ct al. (1985) SPT method, the correlation given in Chapter 3 appears to be based on
average values of qcj. However, the correlation is often applied to the entire CPT profile at
a site. Consequently, the integrated CPT method may provide a conservative estimate of
cyclic softening (liquefaction) potentiai and caution should be applied in variable deposits in
which a small part of the CPT data could indicate possible cyclic softening (liquefaction).
Although not carried out in this study, it would be interesting to revisit the CPT casc
records in detail from a minimum q¢) approach similar to the review of the SPT case
records presented in Chapter 2. Chapter 3 also illustrated a method for correcting the
measured penetration resistance in thin sand layers embedded in thick soft clay layers. A
very important point to reiterate is that, similar to the SPT database, the database of CPT
case records was developed based on Holocene age deposits, level to gently sloping
ground, equivalent magnitude M=7.5 carthquakes, and depths ranging from 1 to 15m (3 to
45 t1), but generally (i.e. 84% of the case records) less than 10 m (32 ft). Hence, as for the
SPT method, caution should be exercised when extrapolating the CPT correlations to
conditions outside of this range. In addition, as for the SPT method, extrapolation of the
CPT correlations based on cyclic softening (liquefaction) in level ground to the evaluation
of large sloping structures does not seem appropriate.
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9.3 Evaluation of Flow Liquefaction Potential and Subsequent Response

Flow liquefaction occurs in strain-softening soils if a suitable trigger mechanism can
develop. The trigger mechanism can be static or cyclic and undrained or drained in nature.
Once such material is triggered, undrained strain-softening occurs. Flow liquefaction can
occur rapidly, with little warning, and if sufficient strain-softening material liquefies,
catastrophic deformations can result. As for the evaluation of cyclic softening, the seismic
CPT provides a useful technique for evaluating flow liquefaction potential based on two
independent profiles. If there is not consistency in the evaluation of flow liquefaction
potential, soil samples should be obtained to evaluate grain characteristic parameiters.
Whether or not a sand deposit is susceptible to flow liquefaction is a function of the sand
characternistics in terms of density, stresses, grain characteristics and soil structure.

9.3.1 Empirical approach

Conventionally, the simplified Secd methodology described above has becn used to predict
liquefaction potential in general for a given cyclic (earthquake) foading. It has been used as
a design tool in both level to gently sloping ground and in large, steeply sloping soil
structures. However, as discussed previously, experience (c.g. Byrne et al, 1994) has
shown that the correction factors to acccunt for sloping ground and high overburden
stresses (Seed and Harder, 1990) are questionable. In addition, flow liqucfaction resulting
from a static trigger can not be evaluated using the Seed methodology since it only
incorporates cyclic (earthquake) loading conditions. Therefore, extrapolating the empirical
methods for evaluating cyclic softening (liquefaction) potential to evaluating the potential of
flow liquefaction resulting from either static or cyclic triggers is not appropriate. As
outlined in Chapter 1, when describing the terminology adopted in this thesis, the two
phenomena involve different physics; therefore, it is more logical to evaluate the potential
of the two phenomena using different methods.

Sladen and Hewitt (1989), Been and Jefferies (1992) and Plewes ct al. (1992) all
developed various methods of estimating soil state (and therefore flow liquefaction
potential) from CPT results. The Sladen and Hewitt (1989) method was based on ficld
observations of cases of flow failures and cases of no failure in the Beaufort Sea for which
CPT data was available. The Been and Jefferies (1992) and Plewes ct al. (1992) methods
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involved estimating state parameter as a measure of flow liquefaction potential from the
CPT based on calibration chamber studies.

9.3.2 Simplified reference stress ratio (RSR) approach

The conventional CPT empirical methods described above are suitable for evaluating flow
liquefaction potential, but are not capable of estimati:ig the undrained response of a sand
over a large stress range or when comparing different sands. In addition, the state
parameter method by Been and Jefferies (1992) is much less conservative than the Sladen
and Hewitt (1989) field observation based method. Therefore, the geotechnical engineer
may be uncertain if a soil deposit is susceptible to flow liquefaction if the two methods give
conflicting predictions.

Chapter 4 proposed a new method of evaluating flow liquefaction potential based on the
term reference stress ratio (RSR) which provides an alternate measure of soil state and is
related to state parameter by the slope of the ultimate te line (USL). The framework
incorporates critical state soil mechanics and provides a link between in-situ testing results
and observed undrained response when soil samples are tested in the laboratory. Not only
does the proposed framework provide an estimate of flow liquefaction potential, but it is
capable of estimating undrained response under different directions of loading (i.e. triaxial
compression or triaxial extension) over a range in RSR (i.e. a range in void ratio and initial
stress conditions).

To apply the proposed framework directly requires various input parameters, in particular
an estimate of the void ratio profile and the location and slope of the USL in e-p' space for
a given soil deposit. The void ratio profile can be estimated from the SPT, CPT, shear
wave velocity measurements or geophysical logging using any of the conventional or new
methods discussed in Chapter 4. The shear wave velocity based method of interpreting
seismic CPT results or direct interpretations of geophysical results appear to be best at
capturing the range in void ratio on a continuous basis in a given soil deposit, at least for
young, uncemented loose sands. If the project is of low risk in nature, the USL parameters
can be estimated based on the results of testing other, but similar, sands. The database of
USLs for various types of sands is growing and can be used as a reference. The seismic
CPT is especially useful as it allows for estimations of the compressibility of a soil by
comparing the measured cone tip resistance with the shear wave velocity measurements.
Soil compressibility in turn can be used to estimate the slope of the USL, as proposed by
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Robertson et al. (1995). It is also possible to estimate USL parameters (na..ely, Apy)
directly from CPT soil classification charts (Been and Jefferies, 1992).

By combining the estimated void ratio profile in a soil deposit with the estimated USL
parameters, it is possible to make an estimation of RSR throughout the deposit. A profile
of RSR can be used to estimate soil response to undrained loading, based on the type of
RSR based laboratory response curves presented in Chapter 8 for the CANLEX Phasc 11
Massey site. Although data are preliminary and, therefore, at present the resulting responsc
curves are only applicable to Fraser River sand, they may prove ic be general in naturc as
additional data becomes available from other CANLEX sites. The proposed framework
illustrated that undrained response can be divided into various components. Once these
components are estimated for a particular soil deposit, they can be combined to estimate
stress-strain curves, as illustrated in Chapter 8.

The method for evaluating flow liquefaction potential proposed in Chapter 4 requires some
knowledge or estimate of the USL. However, as a very preliminary silc screening
approach, single valued criteria in terms of (N1)60, qc1 or V) can be used as a guide to
evaluate flow liquefaction potential. Typical values that are often used arc (Nj)oo = 10,
qc1 = 5 MPa and Vg1 = 150 m/s.  However, it is extremely important to note that these
values are not applicable to all sandy soils. The values of (Nj)e0 and qci, in particular, arc
influenced by the compressibility of a soil (of which fines content can help provide a
measure), whereas the value of Vg1 is little affected. The method proposcd by Plewes
et al. (1992) recognizes this effect in that the value of the normalized conc tip resistance
defining the =0 contour (i.e. the USL) is a function of friction ratio (sce Figurc 4-11 in

Chapter 4). More compressible soils tend to have higher friction ratios for the same cone
tip resistance.

9.3.3 Site specific approach

Clearly, the flow liquefaction framework proposed in Chapter 4 is best applied on a
detailed site specific basis such that the individual parameters such as the location and slope
of the USL can be determined with greater certainty. If the shear wave velocity based
method is to be used to interpret void ratios, the parameters A and B (linking shcar wave
velocity to void ratio) and X and Y (linking shear wave velocity to the SPT and CPT,
respecti ~ly) can be determined better on a site specific basis. Void ratio estimates bascd
on the CPT or geophysical logging appear to be the most promising methods, particularly

395



as they are capable of providing detailed continuous profiles through a given soil deposit.

A detailed site specific approach also allows for obtaining and testing undisturbed samples.
The framework can then be fine-tuned and modified to link the in-situ test results with the
laboratory results via RSR on a site specific basis. The worked example in Chapter 8
illustrates how the proposed framework can be applied to a specific site (the CANLEX
Massey site), how site specific relationships between various components of response and
RSR can be estimated, and how site specific methods of estimating RSR from in-situ tests
can be developed.

9.4 Risk Assessment: A Family of Solutions

Various methods have been reviewed and proposed for evaluating both cyclic softening
(liquefaction) and flow liquefaction in sandy soils, based on in-situ testing. Figure 9-1
provides a conceptual illustration of how, for a given in-situ test (e.g. the CPT), the
described methods can be used to estimate a dividing lire in terms of the test's measured
parameter (e.g. cone tip resistance, qc¢) for evaluating flow liquefaction potential or cyclic
softening (liquefaction) potential. The dividing line for evaluating flow liquefaction
potential is a function of sand characteristics, while the dividing line for evaluating cyclic
softening (liquefaction) potential depends on both sand characteristics and the size and
duration of the expected cyclic loading. In general, very loose, strain-softening sand will
be susceptible to both flow liquefaction and cyclic softening, loose to medium dense sand
may be susceptible to cyclic softening (depending on the size and duration of the cyclic
loading), but not to flow liquefartion, and denser sands will not be susceptible to either
type of liquefaction.

Figure 9-2 pnixents a flowchart summarizing the recommended procedure for evaluating
the liquefaction potential of a sandy soil deposit. This chart can be used in conjunction
with the flowchart. explaining liquefaction terminology (modified from Robertson, 1994)
presented in Chapter 1 (see Figure 1-1). Since flow liquefaction can generally lead to
larger deformations and, thus, greater risk to human safety, the given soil deposit should
first be evaluated for flow liquefaction potential. The framework proposed in Chapter 4
can be applied as illustrated in the worked example at the Massey site in Chapter 8. If some
material is found to be susceptible to flow liquefaction, response to undrained loading
should be estimated using the framework. A stability analysis should then be performed
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based on the estimated response to determine whether or not the combination of sitc
geometry and type of soil are such that a kinematically admissible mechanism can form and
lead to a flow failure. If the soil structure is found to be stable, a deformation analysis
should be carried out. Deformations may arise if there is a mixture of strain-softening or
limited strain-softening material and strain-hardening material present. The direction of
loading that will occur in-situ must be carefully considered when performing such stability
and deformation evaluations. Triaxial extension and triaxial compression loading, which
appear to represent the two loading extremes (Vaid et al., 1995) may lead to very different
responses to undrained loading. Undrained response in simple shear would be predicted to
be somewhere in between the two extremes (Vaid et al., 1995).

If a material is not susceptible to flow liquefaction, it may still be susceptible to cyclic
softening (liquefaction) depending on the sand characteristics and the size and duration of
cyclic loading (typically associated with a design earthquake). The integrated CPT mcthod
proposed in Chapter 3 should be used to estimate the cyclic softening (liqucfaction)
potential of the soil. If the soil is found to be susceptible to this type of liquefaction, a
deformation analysis should be performed. In level ground, for example, horizontal
displacements and settlements can be estimated using methods proposed by Ishihara
(1993), as described in Chapter 3 (see Figure 3-10). In gently sloping ground, mcthods
such as that by Youd (1993) can be used to evaluate expected deformations associated with
lateral spreading. More complex mehods using finite element analysis, for example, may
be required to evaluate the extent of deformations in sloping ground as a result of a loss in
soil stiffness during cyclic loading. If a soil is found to be susceptible to cyclic softening
and drainage paths are restricted by overlying less permeable layers, the soil should be
re-evaluated for flow liquefaction potential because pore water redistribution may lead to
loosening of the soil.

If the analyses described above indicate a stability problem or excessive deformations
resulting from either flow liquefaction or cyclic softening, sitc remediation may be
required. Depending on the type of liquefaction that is of concern, either the framework
proposed for evaluating flow liquefaction or the integrated CPT method for cvaluating
cyclic softening (liquefaction) can be used as a quality control mcasure to cvaluate the
effectiveness of any site remediation that is performed.

Figures 9-3 and 9-4 present flowcharts outlining the recommended methods for evaluating
cyclic softening (liquefaction) and flow liquefaction, respectively, based on in-situ testing
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in sandy soils. Each figure indicates that the recommended procedure is a function of the
risk level associated with a particular project. Ideally, a complete field investigation and
laboratory testing of undisturbed samples would be carried out at a given site. However,
such a comprehensive method of evaluation of liquefaction potential is often beyond the
budget and scope of many projects. The higher the risk level associated with a given
project, thc more important it is to strive towards the ideal comprehensive investigation.
The following sections describe the recommended procedures for various levels of risk.

9.4.1 Low risk projects

In general terms, low risk projects are ones for which the consequences of failure will have
an extremcly low probability of impacting human safety, have little effect on the
cnvironment and for which the financial implications will not be significant. Consequently
large financial decisions do not need to be made for these types of projects. As aresult, the
projcct scope and budget is often fairly restrictive in the amount of in-situ testing and
laboratory testing that can be performed.

For such projects, cyclic softening (liquefaction) can be evaluated using penetration tests
such as the SPT or CPT. Figure 9-3 indicates that the CPT is the preferred method because
it is generally more reliable and provides a continuous profile of soil strati graphy. The
integrated CPT method proposed in Chapter 3 can be used directly to evaluate the cyclic
softening (liquefaction) potential of low risk projects.

Figure 9-4 indicates that various types of in-situ testing to estimate soil state can be used to
cvaluate flow liquefaction potential for low risk projects. The CPT and geophysical
logging are preferable because they generally give more reliable continuous profiles. The
shear wave velocity based method of estimating void ratio from the seismic CPT appears to
be better than conventional methods, at least for young, uncemented loose sands.
Interpretations of void ratio from whatever type of in-situ testing is selected can be
combined with an estimate of the USL for the soil (based on other similar soils or via
compressibility estimated by the seismic CPT) to evaluate flow liquefaction potential.

9.4.2 Moderate risk projects

Moderate risk projects have higher probabilities of affecting human safety and the
environment and have larger financial consequences associated with failure. For such
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projects, both Figures 9-3 and 9-4 illustrate that some site specific modifications to the
simplified methods of evaluating either cyclic softening (liquefaction) or flow liquetaction
should be made. In the case of cyclic softening (liquefaction) evaluation, Figure 9-3
indicates that components of the integrated CPT method can be modificd based on site
specific fines contents (from bulk samples) and measured cyclic resistance of reconstituted
samples at similar void ratios and fabric to those in-situ. Shear wave velocity
measurements can be used to check that the reconstituted samples are as similar as possible
to the in-situ conditions (Tokimatsu and Hosaka, 1986). Additional in-situ testing such as
geophysical logging or shear wave velocity measurements can be conducting to provide
independent means of evaluating cyclic resistance.

In the case of fl. .. liquefaction evaluation, Figure 9-4 indicates that laboratory testing of
reconstituted samples ca™ be used to better estimate a site specific USL in order to estimate
RSR from in-situ tests. Conducting shear wave velocity measurements and determining
parameters such as X and Y (linking shear wave velocity measurements 1o SPT and CPT
penetration resistance, respectively) on a site specific basis allows for better interpretation
of void ratio from either the SPT or CPT using the shear wave velocity bascd method of
interpreting void ratio. Having shcar wave velocity measurements and/or gcophysical
logging results in addition to CPT results provides independent means of estimating flow
liquefaction potential at a given sitc.

9.4.3 High risk projects

High risk projects arc those for which the consequences of failure can be enormous in
terms of human safety, environmental impacts and/or financial implications. For such
projects, it is essential to conduct a detailed site specific analysis. Both Figures 9-3 and 9-4
indicate that a preliminary site investigation can be carried out first, using the simplificd
methods of evaluating either cyclic softening (liquefaction) or flow liquefaction. Based on
the results of such a preliminary site screening, a detailed investigation including obtaining
and testing undisturbed soil samples can be initiated. Self boring pressurcmeter testing is
useful for estimating horizontal stress conditions and, hence, the value of Ko in-situ. The
results of testing undisturbed samples in the laboratory can also be linked to the in-situ
testing in order to extrapolate the results from the detailed (frozen) sampling arca across the
site. Figure 9-3 indicates that for evaluating cyclic softening (liquefaction), this can be
done by modifying the integrated CPT method at the site to match the cyclic resistance of
undisturbed samples when tested in the laboratory. For evaluating flow liquefaction,
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Figure 9-4 indicates that RSR, relative to the site specific USL, can be used to link the
undrained laboratory response of undisturbed samples to in-situ testing across the site.

9.5 Cautionary Notes and Limitations of the Proposed Methods

The proposed methods for evaluating cyclic softening (liquefaction) or flow liquefaction
potential are still somewhat preliminary in nature, but confidence in applying the mcthods
should increase as the methods are applied at additional sites and modified as necessary.

9.5.1 Cyclic softening evaluation
a) Loose clean sand versus sand with fines

Referring to the soil classification chart by Robertson (1990) in Chapter 3 (sec
Figure 3-6), it is clear that, based on CPT results, loose clean sands may sometimes be
confused with somewhat denser sands containing fines. Both materials would have low
cone tip penetration resistances. Since the integrated CPT method applies a fines content
correction based on fines content, if a loose clean sand is interpreted as having an apparent
fines content, the resulting prediction of CRR could be unconservative. However, the
friction ratio should increase in the denser sand containing fines. A site specific check of
the fines content that the integrated CPT method predicts is useful to avoid this confusion.

b) Minimum versus average design approach

Chapter 2 illustrated the effect of consistently selecting a minimum SPT (Nj)¢g to represent
cach case record. If this method is applied to the entire SPT profile, any low points would
definitely be considered to be susceptible to cyclic softening (liquefaction). The
conventional SPT, CPT and shear wave velocity based methods of evaluating cyclic
softening (liquefaction) potential all consist of case records for which the average
penetration resistance or measurement was generally used as the representative value.
However, when applied in practice, the resulting correlations are often applied quite
literally to every point in the in-situ test profile, including low points. Thus, these methods
may be overly conservative in some soil deposits.



9.5.2 Flow liquefaction evaluation
a) Grain characteristic and site specific input parameters

The estimation of various aspects of response using the framework proposed in Chapter 4
can be sensitive to some of the input parameters, particularly the paramecters defining the
reference USL for a particular soil. Site specific testing allows for better estimates of such
input parameters. When shear wave velocity measurements are used to interpret void ratio,
the parameters A and B must be carefully selected. If SPT or CPT measurements arc
interpreted using the shear wave velocity based method, site specific values for the
parameters X and Y can result in better estimates of void ratio.

b) Total void ratio versus skeletal void ratio effects on response

As briefly outlined in Chapter 8, when comparing the data review of the Masscy silc to the
results of the data reviews at the other CANLEX sites to date, the Phasc 111 site appcared
unusual and suggested that skeletal void ratio may have a dominating effcct on penetration
resistance or shear wave velocity measurements in sands with high fines contents
(FC 2 10%). It remains unclear at this point whether skeletal void ratio also dominates
the undrained response of undisturbed soil samples when tested in the laboratory. Further
studies on the Phase III site samples will allow this factor to be investigated further. If
skeletal void ratio is found to be a controlling factor at sites with high fines contents, the
proposed framework for investigating flow liquefaction potential could still be applicd by
combining profiles of skeletal void ratio with an USL based on skeletal void ratios.
Additional studies would have to be performed to determinc whether or not further
modifications would have to be made to components of the integrated CPT mecthod for
evaluating cyclic softening (liquefaction) potential at such sites.

¢) Using undisturbed samples as a reference

Throughout this thesis undisturbed samples are required as a reference for detailed
evaluations of both cyclic softening (liquefaction) and flow liquefaction potential and
response. Ground freezing and subsequent coring appear to be capable of providing
undisturbed samples at a variety of sites (Hofmann, 1994 and 1995). Oncc undisturbed
samples are obtained, changes in void ratio and stresses (i.c. changes in RSR) must be
minimized if samples are to be tested and the results compared directly with predictions of
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undrained response based on in-situ testing and the methods proposed here. Testing
undisturbed samples under anisotropic stress states to mimic the in-situ conditions is an
essential factor for observing a relevant undrained response in the laboratory. If samples
cxperiecnce small changes in state (ARSR) due to disturbance in sampling, handling,
thawing, or consolidation, it may be possible to correct the response using the general
response curves shown in Chapter 8.

9.6 Recommendations for Future Work

The work presented here serves to illustrate that liquefaction of sandy soils is a complex
process. The methods presented in this thesis provide a step in che right direction, but
clearly much more research is necessary to better understand how to characterize sandy
soils and evaluate liquefaction potential.

9.6.1 Investigating proposed methods of evaluation at other sites

As the CANLEX project continues to process field and laboratory data from other sites, the
methods proposed here for evaluating cyclic softening (liquefaction) and flow liquefaction
can be further evaluated. Modifications to the methods can be made as necessary and, as
the volume of data grows, more definite conclusions can be made about the possible global
nature of the proposed methods and correlations.

a) Cyclic softening

Application of the integrated CPT method to a variety of sites (e.g. all of the CANLEX
sites) will confirm or help modify the individual components discussed in Chapter 3. In
particular, the relationship between soil behaviour type index, I¢, and fines content can be
investigated and the resulting estimates of CRR can be compared with the results of testing
undisturbed samples at each site.

An additional useful exercise would be to review the database of case histories forming the
CRR-CPT correlation to investigate the choice of representative qcj for each case record,
similar to the review of the SPT database carried out in Chapter 2. However, this review

should include all aspects of the CPT profile, including friction ratio and pore pressure
measurements, where available.



b) Flow liquefaction

The issue of quasi-steady state (QSS) is something that necds to be pursucd further in
future studies. QSS is currently a topic of debate amongst rescarchers. The framework
proposed in this study incorporates QSS; however, in addition to RSR, QSS depends on
soil fabric (Ishihara, 1993) and thus may be difficult to estimate in a global manncr.
Ultimate state, however, may be linked with RSR in a global manner becausc it is not
dependent on soil fabric since the soil becomes completely remoulded by the time ultimate
state is reached. The phenomenon of QSS is observed in the laboratory, particularly in
triaxial extension tests (see laboratory stress strain curves for the Masscy site in Appendix
B). Further studies should investigate if QSS actually occurs in the field and if not, if there
are mechanisms such as shear banding and internal void ratio changes within the soil

sample while being tested in undrained monotonic loading that crecatc a QSS in the
laboratory.

The implications of any such findings will be significant because undrained strengths
associated with the QSS can be much lower than those associated with ultimate state. To
be conservative, many geotechnical engineers may use the QSS strengths rather than
ultimate strengths to analyze stability. This can have large financial implications. If a soil
has limited strain-softening behaviour, it will demonstrate a QSS. However, after limited
straining associated with the point of QSS, the soil will strain-harden to ultimate state. In
analyzing a slope stability problem, the question arises as to whether the material will have
gained enough momentum during the point of QSS that it cannot stop itself when it would
be expected to strain-harden and become stronger.

Further studies are needed to investigate the triaxial extension direction of loading. First to
investigate the phenomenon of QSS, as discussed above, but secondly, to investigate
when, where and the extent to which a soil actually becomes loaded in triaxial extension in
the field. The much lower undrained strengths for soil tested in triaxial extension in the
laboratory (as compared to triaxial compression) only apply if a soil becomes loaded to
failure in this direction of loading. As Chapter 4 indicated, Ko (Ko<1.0) conditions in-situ
will preload elements of soil in compression. As a result, sufficient unloading is first
required before an element will become loaded in extension. Extensicaal loading is
typically associated with the toe of a slope. However, additional studies would be useful to
examine the extent of possible in-situ extensional loading in greater detail.
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9.6.2 Development of a continuous seismic CPT

Chapters 4 and 8 illustrated that shear wave velocity measurements may provide a good
method of estimating void ratio (and hence, RSR) in-situ because shear wave velocity
measurements are much less affected by factors such as soil compressibility than either
SPT or CPT penetration resistance. However, shear wave velocity measurements are
typically averaged over 1 m intervals providing a step function rather than a continuous
profile. A useful research project would be to develop the technology to perform
continuous shear wave velocity measurements in order to obtain a continuous shear wave
velocity profile.

Current technology for measuring shear wave velocity that is commonly used consists of
stopping the CPT every 1 m, hitting a seismic beam with a sledge hammer at the ground
surface and measuring the time the seismic wave takes to reach the geophone located in the
CPT probe at depth. Measurements are recorded electronically and the operator checks that
a good signal has been obtained. A method of differences is used to average the shear
wave velocity over every 1 m interval of depth. In order to continuously record shear wave
velocitics, a source at the ground surface would provide seismic waves and the interval
difference over which the measurements are averaged would need to be decreased to a few
centimetres. The electronics and computer system would have to be modified to record
measurements continuously together with the CPT measurements, rather than stopping
every time a shear wave velocity measurement is required.

Further studies using bender elements to measure shear wave velocities in soil samples of
different states in the laboratory should also be carried out to further investigate the
rclationship between shear wave velocity and void ratio described in Chapter 4. The
mcthod outlined in Chapter 4 (see Equation 4-4) is sensitive to the value of the parameters
A and B. Additional studies may be able to confirm or modify the relationship between
shear wave velocity and void ratio for various sands in an attempt to improve the accuracy
of estimating void ratio from shear wave velocity measurements. This could lead to better
interpretations of in-situ shear wave velocity profiles. When combined with the possibility
of obtaining continuous shear wave velocity profiles, the resulting method may be able to
provide fairly accurate detailed estimates of void ratio.



9.6.3 Further testing of downhole plate load tests in loose sand

Using a simple interpretation method, Chapter 6 served to illustrate the promising potential
of rapid downhole plate load tests in loose sand for estimating undraincd strengths. The
experimental program was clearly preliminary in nature and only limited data are availablc.
Further studies would be useful and would need to place more consideration on how the
test results are interpreted. Once a sufficient number of undisturbed samples from the sitc
where the plate load tests were performed are tested, comparisons can be made betwecen the
interpretation of the plate load tests and the undrained strength of the soil in the laboratory.
Due to factors such as soil squeezing around the plate while the plate is being advanced
which may complicate the interpretation of the tests, rapid large diameter conc tests may be
a better alternative. However, practical difficulties may arise with respect to the load

capacity of the drill rig required to push a large cone, particularly in ground conditions
having variable soil states.

9.7 Final Remarks

Liquefaction of sandy soils is a complex process which can be affected by a variety of
factors including sand characteristics, site geometry and the naturc of the undrained
loading. A distinction has been made here between cyclic softening and flow liquefaction.
However, as illustrated in Chapter 8, after a "liquefaction” induced soil failurc has
occurred, it is often difficult to establish which phenomenon controlled the observed
deformations. Both in-siwa testing and laboratory testing are often part of any silc
investigation. However, this thesis has proposed a framework by which to link the two
types of testing together in a meaningful way to better understand the undrained response
of sand to both static and cyclic loading.

The integrated CPT method proposed for evaluating cyclic softening potential is an
empirical method, whereas the framework for evaluating flow liquefaction potential and
response combines both theoretical and empirical aspects. The concept of RSR to
characterize the state of a sand for considerations of flow liquefaction has advantages over
the state parameter approach as it is more global in nature, relates better to undrained
response and is related to OCR which is traditionally used to evaluate clay, it may allow for
all soils to be considered in a similar manner. The recommended procedurc to follow at
any site is a function ¢ ihe level of risk associated with a particular project. Thus, a family
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of solutiuns exist for evaluating either cyclic softening or flow liquefaction, ranging from
simple, conservative, empirical methods to fully comprenensive, site specific field and
laboratory investigations.
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Figure 9-1 Schematic illustrating the concept of dividing lines in terms of CPT
penetration resistance, qc, for both flow liquefaction potential and cyclic
softening (liquefaction) potential.
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